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Abstract. When measuring the Baryon Acoustic Oscillations (BAO) scale from galaxy sur-
veys, one typically assumes a fiducial cosmology when converting redshift measurements
into comoving distances and also when defining input parameters for the reconstruction al-
gorithm. A parameterised template for the model to be fitted is also created based on a
(possibly different) fiducial cosmology. This model reliance can be considered a form of data
compression, and the data is then analysed allowing that the true answer is different from the
fiducial cosmology assumed. In this study, we evaluate the impact of the fiducial cosmology
assumed in the BAO analysis of the Dark Energy Spectroscopic Instrument (DESI) survey
Data Release 1 (DR1) on the final measurements in DESI 2024 III. We utilise a suite of
mock galaxy catalogues with survey realism that mirrors the DESI DR1 tracers: the bright
galaxy sample (BGS), the luminous red galaxies (LRG), the emission line galaxies (ELG)
and the quasars (QSO), spanning a redshift range from 0.1 to 2.1. We compare the four sec-
ondary AbacusSummit cosmologies against DESI’s fiducial cosmology (Planck 2018). The
secondary cosmologies explored include a lower cold dark matter density, a thawing dark
energy universe, a higher number of effective species, and a lower amplitude of matter clus-
tering. The mocks are processed through the BAO pipeline by consistently iterating the grid,
template, and reconstruction reference cosmologies. We determine a conservative systematic
contribution to the error of 0.1% for both the isotropic and anisotropic dilation parameters
αiso and αAP. We then directly test the impact of the fiducial cosmology on DESI DR1 data.

mailto:aperez@mpe.mpg.de
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1 Introduction

The Baryon Acoustic Oscillations (BAO) method has established itself as one of the major
probes for the nature of dark energy over the last two decades [1, 2]. The journey from the
first detections of the BAO imprint in the late-time two-point statistics of galaxies [3, 4] to
the highly precise measurements from BOSS (Baryon Oscillation Spectroscopic Survey [5])
and eBOSS (extended Baryon Oscillation Spectroscopic Survey [6]) has enabled scientists to
gain crucial insights into the expansion history of the Universe and to refine their methods
in the process. The Dark Energy Spectroscopic Instrument (DESI) [7] is a Stage-IV dark
energy experiment that will build upon the success of its predecessors by measuring the
BAO signal with unparalleled precision as one of its primary goals [8]. DESI demonstrated
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its potential at the outset by reporting its first BAO detection using only a two-month data
set [9, 10], followed by an Early Data Release (EDR) [11, 12]. DESI recently released its
first BAO [13] and cosmological analyses [14] using the first year of the data (Data Release
1, DR1 hereafter [15]). This paper elucidates the potential systematic error stemming from
the fiducial cosmology and the relevant robustness test that were integrated into [13].

Measuring the BAO scale from a galaxy catalogue usually requires a series of assump-
tions that could potentially lead to systematic errors, in terms of both precision and accuracy,
if not addressed carefully. In particular, the choice of fiducial cosmology could have an impact
on the way the results are obtained and interpreted. Although many previous BAO studies
have demonstrated robustness against such choices, considering the unparalleled precision in
cosmological measurements provided by DESI data, it is imperative to explicitly assess its
contribution to the systematic error budget.

For the standard BAO analysis, the choice of reference cosmology enters in three stages.
i) First, spectroscopic galaxy surveys have traditionally analysed the galaxy clustering after
transforming the observed coordinates of the galaxies to the comoving space, by assuming a
redshift-to-distance conversion based on a set of the cosmological parameters. In this work,
we will refer to this set of cosmological parameters as the grid cosmology. An incorrect
redshift-to-distance conversion will introduce an anisotropic distortion to the signal, due to
the so-called Alcock Paczynski effect [16]. ii) Secondly, as opposed to using the entire shape
of the clustering, which is more similar in spirit to a CMB analysis, the BAO fitting procedure
utilises a fixed-cosmology template, for which a fiducial cosmology is chosen in order to obtain
the base template. The BAO location in the template is set by the sound horizon scale rtemd .
This template is then allowed to be horizontally shifted, allowing us to estimate the true sound
horizon relative to the sound horizon scale assumed. If the redshift-to-distance relation we
assumed was incorrect, this shift will also include the difference between the true and assumed
redshift-to-distance relation. This is the idea behind the use of BAO as a standard ruler, and
offers the advantage of providing model-independent distance constraints. That is, despite
using different grid and template cosmologies for the BAO analysis in fiducial comoving
space, we naturally anticipate our derived result to correspond to the same BAO scales
in observable space. iii) Lastly, the state-of-the-art methodology involves post-processing
the galaxy catalogues by applying the reconstruction technique [17]. In broad terms, the
reconstruction algorithm enhances the BAO signal by partly undoing the non-linear effects
of large-scale displacements. To apply reconstruction, it is necessary to have an estimate
of the linear bias b1(z) of the given tracer, as well as the growth rate f(z), both of which
depend on a reference cosmology. It is common practice to choose the grid, template and
reconstruction fiducial cosmologies to be the same for self-consistency, although they are, in
principle, independent assumptions.

Several studies have investigated the choice of a fiducial cosmology as a source of sys-
tematic error. In particular, [18] tested the accuracy of assuming a rtemd /rd rescaling for the
template, considering variations for the ΛCDM parameters as well as the sum of neutrino
masses

∑
mν and the effective number of relativistic species Neff . Conversely, [19] conducted

an analytical study of the impact of the assumption of the wrong cosmology for reconstruc-
tion, making use of Lagrangian Perturbation Theory. A comprehensive exploration of the
effect of the template and reconstruction cosmologies can be found in [20], where halo cata-
logues with different underlying cosmologies were used. The robustness of the fixed-cosmology
template approach was probed in [21], who considered models with different values for Neff , in
addition to Early Dark Energy (EDE) and Dark Neutrino Interactions (DNI). In the context
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of modified gravity, [22] found a negligible bias from the BAO standard analysis considering
Horndeski models. Most recently, [23] have examined the use of non-flat cosmologies, varying
either Ωm or ΩΛ, for both the grid and template cosmologies. The majority of these studies
share a common emphasis on the reliability of the BAO method, yet simultaneously report
non-zero potential errors for extreme cosmological scenarios which deviate significantly from
the ΛCDM concordance cosmology from Planck 2018 [24]. Additionally, in the context of
BAO measurements from spectroscopic surveys, many of them have been accompanied with
an estimate of the corresponding systematic error; for example [25] for BOSS, or [26–31] for
eBOSS.

This work forms part of a series of studies intended as supporting papers for the DESI
DR1 BAO publication [13]. Each of them is centered on a different part of the analysis, such
as: theoretical and modelling systematics [32], reconstruction [33, 34], overlapping tracers
[35], covariance matrices [36–38], HOD related systematics [39, 40], imaging systematics [41],
spectroscopic systematics [42] and the blinding scheme [43].

This paper is structured as follows. Section 2 offers an overview of how the choice of
fiducial cosmology is accounted for; in particular the cosmologies under consideration are
introduced in 2.1. In Section 3, we present the mock catalogues used for our tests, as well
as the blinded and unblinded DESI DR1 data. The methodology is described in Section 4.
The results are reported in Section 5. We conclude in Section 6.

2 Role of the Fiducial cosmology

In this section, we first present the secondary cosmologies tested. We then examine in detail
the three instances where the fiducial cosmology is involved: the redshift-to-distance relation,
the template, and the reconstruction processing (see Section 1).

2.1 Cosmologies tested

Five different sets of cosmological parameters are considered in this study, all of them coming
from the AbacusSummit set of cosmologies [44]. We compare the four secondary Abacus-
Summit cosmologies against DESI’s fiducial cosmology [13], which is also the primary Aba-
cusSummit cosmology and the Planck 2018 [24] best-fit ΛCDM cosmology. The secondary
cosmologies represent a set of substantial variations from Planck 2018, as described in the
original reference [44]. Table 1 provides a short description of the different cosmologies, along
with the aliases we adopt to refer to them throughout this work. A few details are described
below. We note that given the nature of the BAO compression, the main quantities of in-
terest are not directly the differences in cosmological parameters, but the effect these have
on the expected distance measurements through the geometrical distortions and the sound
horizon. This is addressed in the following sections.

The baseline cosmology is, again, the Planck 2018 cosmology, for which ωb = 0.02237,
ωcdm = 0.1200, h = 0.6736, Nur = 2.0328 and a massive neutrino species with ων =
0.00064420. The low-Ωm cosmology adopts parameters from WMAP9 combined with ACT
and SPT data [45]. It is characterised by a reduced cold dark matter density ωcdm = 0.1134
(resulting in Ωm = 0.2761), demonstrating the impact of considering different cosmic mi-
crowave background data than Planck. The thawing-DE cosmology introduces a dynamic
dark energy model, w0waCDM, permitting exploration of how varying dark energy dynamics
affect the universe’s expansion history. This model is parameterised by the dark energy equa-
tion of state p/c2ρ = w0 +wa(1− a), where a is the scale factor, with w0 = −0.7, wa = −0.5
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[46, 47] (we named it ‘thawing-DE’ because w0 > −1). With the high-Neff cosmology, we
examine variations in the effective number of neutrino species, drawing upon the results from
[24]1. This model assumes Nur = 2.6868 (Neff = 3.70), affecting the radiation energy density
of the early universe. Lastly, the low-σ8 cosmology represents a baseline ΛCDM with a focus
on the amplitude of matter clustering, adopting a lower σ8 = 0.75 value. These cosmolo-
gies retain consistent parameters across models, including the optical depth to reionization
τ = 0.0544, a specific number of distinct species Nncdm = 1, and a massive neutrino density
ων equal to the value from the baseline cosmology.

Name Description Alias
c000 Baseline ΛCDM, Planck 2018 base plikHM+TT,TE,EE+lowℓ+lowE+lensing baseline

c001 WMAP9+ACT+SPT LCDM, Calabrese++ 2017 low-Ωm

c002 wCDM with thawing model w0 = −0.7, wa = −0.5 thawing-DE

c003 Neff = 3.70, base nnu plikHM+TT+lowℓ+lowE+Riess18+BAO high-Neff

c004 Low σ8 matter = 0.75, otherwise Baseline ΛCDM low-σ8

Table 1. Short description of the cosmologies considered in this study, as presented in https:

//abacussummit.readthedocs.io/en/latest/cosmologies.html. Additional details can be found
in the text, as well as in the original reference [44]. We made use of the parameter files for CLASS

available on the AbacusSummit website above.

2.2 Geometrical distortions

In a spectroscopic survey, we have access to the angular coordinates and redshift for each
tracer, which are later mapped into comoving coordinates to calculate the clustering statistics.
In order to do this, a cosmology has to be assumed for the redshift-to-distance conversion
(the grid cosmology, see Section 1). If the assumed cosmological parameters do not match
the true underlying cosmology, the distance measurements will be subjected to an anisotropic
dilation, called the Alcock-Paczynski (AP) effect [16], quantified by the dilation parameters

q∥(z) =
DH(z)

Dgrid
H (z)

, q⊥(z) =
DM(z)

Dgrid
M (z)

, (2.1)

along and across the line of sight, respectively. Here, DH(z) = c/H(z) is the Hubble distance
and DM(z) = (1 + z)DA(z) is the comoving angular diameter distance, defined in terms of

DA(z) the angular diameter distance. The quantities Dgrid
H (z) and Dgrid

M (z) are the corre-
sponding values of DH(z) and DM(z) from the grid cosmology. In principle, the ratios in
Equation 2.1 depend on redshift, however they are approximated to be constant and evalu-
ated at the effective redshift of the sample. The impact of this approximation was estimated
to be negligible in [32].

Alternatively, one can measure the AP distortions by defining

qiso(z) =
(
q∥(z)q⊥(z)

2
)1/3

=
DV(z)

Dgrid
V (z)

, (2.2)

qAP(z) =
q∥(z)

q⊥(z)
=

DH(z)D
grid
M (z)

DM(z)Dgrid
H (z)

, (2.3)

1The chains base nnu plikHM TT lowl lowE Riess18 post BAO from [24] were used in [44], who averaged
those for which 3.595 < Neff < 3.90.
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which quantify the overall volume rescaling and degree of anisotropy, respectively; and where

DV(z) =
(
DH(z)DM(z)2

)1/3
is the spherically averaged distance. In this fashion, the power

spectrum measured in the fiducial comoving grid is related to the true power spectrum via

P obs(k, µ) =
1

q3iso
P (k′[k, µ; qiso, qAP], µ

′[k, µ; qiso, qAP]), (2.4)

where k is the wave vector, µ the cosine of the angle between k and the line of sight and
the factor 1/q3iso accounts for the volume rescaling. The prime coordinates denote the true
coordinates, which can be written in terms of the grid coordinates as

k′(k, µ; qiso, qAP) =
q
1/3
APk

qiso

[
1 + µ2

(
1

q2AP

− 1

)]1/2
(2.5)

µ′(k, µ; qiso, qAP) =
µ

qAP

[
1 + µ2

(
1

q2AP
− 1

)]1/2 . (2.6)

The analogous transformation in configuration space can be found in Appendix A.
Figure 1 shows the q dilation parameters as function of redshift for the cosmologies

presented in section 2.1, assuming the baseline cosmology as the true cosmology. The
redshift-to-distance relations under consideration introduce geometric distortions as large as
7-9% in q⊥ and q∥ (the thawing-DE case).

2.3 BAO model

In the standard BAO method, the model is constructed starting from a linear power spectrum
template, which is computed once for a fixed set of cosmological parameters. The BAO model
for the galaxy power spectrum in redshift space is phenomenological in nature and typically
has the form

Pg(k, µ) = B(k, µ)Pnw(k) + C(k, µ)Pw(k) (2.7)

where Pnw(k) refers to the no-wiggle (smooth) component of the linear power spectrum Plin(k)
and Pw(k) = Plin(k)− Pnw(k) denotes the oscillatory component. Here B(k, µ) accounts for
the redshift space distortions (RSD) and linear bias, while C(k, µ) additionally includes an
anisotropic damping factor which describes the smearing of the BAO signal due to bulk
flows. Both terms have traditionally included the Fingers-of-God (FoG) damping factor,
however [32] have recently shown arguments in favour of applying the FoG damping only to
the smooth component. This is the convention adopted in [13] and in this work.

Under the assumption that the constraining power comes exclusively from the BAO
scale, the geometrical distortions described above are incorporated into the template as free
parameters which are later reinterpreted as

α∥(z) =
rtemd

rd
q∥(z) α⊥(z) =

rtemd

rd
q⊥(z), (2.8)

where the superscript ‘tem’ indicates the template cosmology. Alternatively,

αiso(z) = (α∥(z)α
2
⊥)

1/3 =
rtemd

rd
qiso(z), αAP(z) =

α∥(z)

α⊥(z)
= qAP(z). (2.9)

It is assumed that at linear order, the net effect of fixing the template is an isotropic
rescaling of the distances which can be compressed in the sound horizon ratio. If there were
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Figure 1. Dilation parameters as a function of redshift due to the geometrical distortions introduced
when assuming the wrong cosmology for the redshift to distance conversion.

no geometrical effects (i.e. qiso(z) = qAP(z) = 1), then the position of the peaks and troughs

in Pw(k) would ideally rescale as Pw

(
rtemd
rd

k
)
. The bottom panel of Figure 2 shows the shifted

oscillations for the templates for the different cosmologies, assuming a true cosmology equal
to the baseline cosmology. The figure shows that this scaling is indeed accurate, with only
slight variations in the wiggle amplitude that are marginalised out within the model.

Figure 3 displays the expected α values as a function of redshift for the different cos-
mologies assuming a true cosmology equal to the baseline cosmology. This demonstrates
the combined impact of geometrical distortions from the grid cosmology and the influence of
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Figure 2. The top panel shows the linear power spectrum template at z = 0 for the cosmologies
listed in Table 1. The middle panel is singling out the BAO part Pw(k), where we can see the effect
of the different sound horizon scales for each cosmology. The bottom panel shows the alignment of
the oscillatory pattern after correcting for the difference in the sound horizon scales.
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Figure 3. Dilation parameters as a function of redshift assuming the baseline cosmology as the true
cosmology. The values for αiso are shifted differently for each cosmology with respect to qiso owing to
the sound horizon ratio. The effect of the anisotropic parameter αAP comes exclusively from the grid.

the sound horizon scale on the measured BAO scales. It is important to note that while the
net effect may be less pronounced than the individual effects, it is these individual effects
that challenge the robustness of the BAO analysis.

2.4 Reconstruction

The reconstruction technique has been extensively used in past BAO analyses and has proved
to be a robust way to improve the BAO measurement by mitigating the degradation of the
signal due to non-linear evolution. A typical reconstruction algorithm starts by smoothing
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the observed density field δg(k) with a kernel S(k), which is usually chosen to be Gaussian.
The result is then divided by the linear RSD term, in order to define the displacement field

D(k) = − k

k2
S(k)δg(k)

(b+ fµ2)
, (2.10)

which at large scales should be a fairly good estimate of the negative of the Lagrangian dis-
placement field in the Zeldovich approximation. From here, two fields are constructed: δd(k),
the displaced data field; and δs(k) the shifted random field2. From which the reconstructed
field is obtained as δr(k) = δd(k)− δs(k). In this work we focus on the Rec-Sym reconstruc-
tion convention [48], just as in [13, 32, 34], for which both the data and randoms catalogues
are treated symmetrically by being displaced with RD, where R is the RSD matrix defined
as Rij = (δij + fninj), with n̂ the line of sight unit vector.

Assuming a wrong cosmology directly affects the computation of the displacement field
via the AP distortions. Note that one would usually use the same grid cosmology when
doing reconstruction as the one used when computing the 2 point statistics. The change of
coordinates will affect our determination of the density field δg(k, µ) → q3isoδg(k

′, µ′)3. Addi-
tionally, b1(z) and f(z) are cosmology-dependent and degenerate with the amplitude of the
matter power spectrum, usually quantified by σ8(z)

4. For instance, from theAbacusSummit
cosmologies, given that the grid is the same for the baseline and low-σ8 cosmologies, the
clustering in comoving coordinates will be the same pre-reconstruction (or before reconstruc-
tion), but our estimate for the linear bias will be larger if we choose the low-σ8 cosmology as
the reference cosmology, therefore underestimating the magnitude of the displacement field
(Eq. 2.10).

3 Mocks & Data

3.1 Mocks

For this study we make use of the Abacus-2 DR1 set of mocks introduced in [13] and de-
tailed in [50]. Abacus-2 is a suite of 25 ‘CutSky’ mock galaxy catalogues derived from the
AbacusSummit high-accuracy N-body simulations [44]. The realisations used to produce
these mock catalogues correspond to the 25 boxes for the primary cosmology (c000 in the
AbacusSummit nomenclature, DESI’s fiducial cosmology, which we refer to as our baseline
cosmology). Each AbacusSummit box contains a total of 69123 particles, with each particle
carrying a mass of 2 × 109 h−1M⊙. Dark matter halos were identified with the CompaSO
halo finder [51] and subsequently cleaned as described in [52]. The next step consisted in
populating the halo catalogues with a halo occupation distribution (HOD) model, making
use of the AbacusHOD code [53].

These mocks were calibrated to final DESI EDR data including all systematic effects
and instrument corrections [54–56]. The cubic boxes of 2 h−1Gpc were turned into ‘CutSky’

2The Landy-Szalay estimator for the correlation function and the FKP-based estimator for the power
spectrum (see Sec. 4.1) require a data sample and a random catalogue. The post-reconstruction (after recon-
struction) estimators require, in addition, a random catalogue that will be shifted following the displacement
field.

3The additional volume factor comes from the change in the volume element when computing the Fourier
transform. See, for example, Eq. 3.3 in [19].

4The parameter σ8 quantifies the RMS fluctuations in spheres of 8 h−1 Mpc. For cosmologies with different
values of h, σ8 characterises different scales. The alternative parameter σ12 has been proposed in [49], which
is defined as the RMS variance in scales of 12 Mpc.
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mocks that reproduced the geometry and the radial distribution of the DESI DR1 data for
each galaxy/quasar samples. The volume of those boxes was not sufficient to enclose the
DESI DR1 footprint, therefore, we replicated the simulation boxes to fit the entire DESI
DR1 footprint, as described in [50]. The catalogues with the imprinted survey geometry
were then converted to data-like files, adding the requisite columns necessary for the DESI
fiber assignment loop to work. This step includes assigning the correct priorities and number
of possible observations, depending on the target type. Next, each realisation is run through
the fiber assignment loop. In this work, we utilise a version of the Abacus-2 DR1 mocks
processed with the ‘fast-fiberassign’ method described in [57].

Finally, the catalogues are processed through the Large Scale Struture (LSS) pipeline
[58], producing clustering catalogues with the same geometry, n(z) and completeness prop-
erties as the data. The following redshift ranges were considered for the different tracers:
BGS: 0.1 < z < 0.4, LRG: 0.4 < z < 1.1, ELG: 0.8 < z < 1.6, QSO: 0.8 < z < 2.15.

3.2 DR1 Data

Overview The DESI Data Release 1 (DR1) [15] encompasses observations made using the
DESI instrument on the Mayall Telescope at Kitt Peak, Arizona. These observations were
conducted during the main survey operations from May 14, 2021, to June 14, 2022, following
a period of survey validation [11]. The dataset comprises a significant portion of the sky,
systematically observed to capture a diverse array of celestial targets using an efficient tile-
based observing strategy.

DESI’s unique capability to measure the spectra of 5,000 targets simultaneously is fa-
cilitated by robotic positioners that precisely place fibers on the focal plane corresponding
to target celestial coordinates [59–61]. The light from these fibers is directed to ten spec-
trographs, providing high-quality spectral data. The DR1 dataset was collected through
observations designated as ‘tiles,’ each representing a specific sky position with targets as-
signed to robotic fiber positioners. The observations are split into ‘bright’ and ‘dark’ time
programs to optimise the viewing conditions for different target types [7, 62, 63].

Post-observation, the DESI spectroscopic pipeline processes the data to ensure quality
before it is released as part of DR1 [64]. This dataset includes the first homogeneous process-
ing run (denoted as ‘iron’), which is used to produce the redshift catalogues that underpin
the analyses presented in this paper [58, 65].

Blinded catalogues To mitigate confirmation bias in our analysis, the DR1 dataset un-
derwent a blinding process. This involved shifting galaxy positions to obscure the true cos-
mological parameters until the validation of the analysis pipeline was complete. Specifically,
galaxy positions were adjusted through two types of shifts [66]: an Alcock-Paczynski-like shift
along the line-of-sight and an RSD-like shift derived from the peculiar velocity of galaxies.
In addition, the effects of primordial non-Gaussianities were mimicked by adding weights to
the data [67]. These techniques were carefully calibrated to ensure they did not interfere
with the integrity of the cosmological analysis, following the methodologies outlined in [43].

Initially, the blinded data was used to test and refine our analysis pipeline. Once the
BAO pipeline was finalised and frozen, the unblinded catalogues without any positional shifts

5Note that these mocks do not include redshift evolution, since each of them was produced from a single
box with a given redshift. However, for our present purposes, the effect should be negligible for measuring
the geometrical distortions.
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were released for final analysis. For the details of the BAO unblinding tests, we refer the
readers to Section 6 in [13].

For an in-depth description of the DR1 catalogue, including detailed discussions on the
blinding methodology and other procedural details, we refer the reader to the main paper
[15]. That document provides comprehensive insights into the dataset’s creation, processing,
and the strategic decisions made during its collection and analysis.

4 Methods

We follow the standard BAO pipeline in accordance with the fiducial settings adopted by the
DESI Collaboration [13], except where otherwise explicitly stated. We report our estimate
for the systematic error due to the choice of fiducial cosmology based on the results obtained
with Abacus-2 DR1 mock catalogues with ‘fast-fiberassign’.

Let us note that studies devoted to investigating the effects of the assumption of a
fiducial cosmology can follow one of two approaches (sometimes combined). The main idea
consists of testing a distribution of different fiducial and true underlying cosmologies in order
to identify any systematic differences in the measured α values with respect to the expected
rescalings. The first approach consists in performing tests with a set of mocks produced
from a single underlying true cosmology by varying the grid, template and/or reconstruction
cosmologies. The second approach consists in testing a set of mocks produced from differ-
ent underlying true cosmologies and analysing them with a fixed-fiducial-cosmology pipeline.
For this work we follow the first approach, by testing the effect of consistently changing the
reference cosmology throughout the whole pipeline and running BAO fits on the 25 realisa-
tions of the Abacus-2 DR1 mocks. The true cosmology is fixed to the baseline cosmology,
and we vary the cosmology used for the redshift-to-distance conversion, reconstruction and
template, using the secondary AbacusSummit cosmologies, as described in the subsections
below. Additionally, we investigate the effect of varying the template and grid cosmologies
separately.

Furthermore, we conduct a similar analysis on DR1 blinded and unblinded data with
different fiducial cosmologies, and we compare these results with those obtained from mocks.

4.1 Two-point clustering statistics

The tests are performed in both Fourier and configuration space. For the power spectrum
computation, we make use of pypower6 following the estimator from [68]. We calculate the
power spectrum multipoles with a binning of ∆k = 1×10−3 hMpc−1, a cell size of 4 h−1Mpc,
a third order interlacing and a Triangular Shape Cloud (TSC) scheme. Likewise, the sur-
vey window is accounted for in the form of a window matrix and computed with pypower

following the prescription by [69]. We calculate a window matrix for each grid cosmology.
For the correlation function computation, we make use of pycorr7. The correlation function
multipoles are calculated using the Landy Szalay estimator [70] with s binning set to intervals
of 1h−1Mpc, ranging from 0 to 200h−1Mpc, and 240 intervals for µ, with values spanning
from −1 to 1. For the 2PCF computation the randoms were split across 4 GPUs on NERSC
Perlmutter GPU nodes for computational time speedup [71]. Both clustering statistics are
rebinned to larger bin sizes before BAO fitting (Sec. 4.4).

6https://github.com/cosmodesi/pypower
7https://github.com/cosmodesi/pycorr
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In both cases, Fourier and configuration, the clustering measurements were performed
separately for the South Galactic Cap (SGC) and North Galactic Cap (NGC) regions and
subsequently combined by taking the weighted average. The details regarding the regions,
window functions, random catalogues and weighting schemes can be found in [65].

We make use of the same redshift bins as in Table 2 of [13], namely: 0.1–0.4 for BGS,
0.4–0.6, 0.6–0.8, 0.8–1.1 for LRG; 0.8–1.1, 1.1–1.6 for ELG and 0.8–2.1 for QSO.8

4.2 Covariance matrices

We make use of post-reconstruction analytic covariance matrices in Fourier and configuration
space for mocks with survey realism as well as DR1 data.

Analytic covariance matrices of the BAO-reconstructed power spectrum multipoles were
calculated using the code thecov9, an implementation of the method developed in [72] that
was studied and validated in the context of the DESI analysis in [38]. Since BAO reconstruc-
tion is known to reduce non-Gaussianity in the density field [38, 73], only the Gaussian term
of the covariance was considered. The input power spectrum used in the Gaussian covariance
calculation was the average from the 25 mock realisations. For tests involving Abacus-2 DR1
mocks, the effects of mode coupling induced by the survey geometry were modelled using the
method described in [72]. We compute a covariance matrix for each grid cosmology.

For configuration space, we make use of analytical covariance matrices computed with
RascalC10 [74]. The method was validated in [10] for the DESI EDR and the details are
described in [37] in the context of DR1. In this case, we make use of a fixed covariance matrix
computed for the baseline cosmology as the grid cosmology. We rescale the covariance
matrix by q3iso for the fits with the rest of the cosmologies.

4.3 Reconstruction with different cosmologies

In this subsection, we present the details of the DESI reconstruction setup. The mock
catalogues were processed with the iterative FFT reconstruction algorithm [75] implemented
in pyrecon11. We follow the prescriptions determined in [33, 34] as follows. For the Abacus-2
mocks and DR1 data, reconstruction was run on the complete catalogue, and not separately
for each redshift bin. The number of iterations was set to 3, a cellsize of 4 h−1Mpc was
used, while the smoothing scale for each tracer was: 15 h−1Mpc for BGS, LRG and ELG;
and 30 h−1Mpc for QSO. For all the tests, we calculate f(z) with cosmoprimo12 using CLASS

as the engine, whereas b1(z) is estimated from pre-reconstruction BAO fits, by taking the
average of the best-fit value over the number of mocks. Table 2 shows the values adopted for
the different cosmologies13.

Figure 4 shows the mean of the post-reconstruction power spectrum measurements for
the 25 Abacus-2 DR1 mocks. The LRG 0.8 < z < 1.1 redshift bin is shown as an example.
The reconstruction cosmology matches the grid cosmology. The most significant difference
with respect to the baseline cosmology corresponds to the thawing-DE cosmology, for which
the effect of the grid is largest (see Fig. 1). The change in comoving volume affects the power

8For this work, we do not combine the highest LRG and lowest ELG redshift bins as it is done in [13].
9https://github.com/cosmodesi/thecov

10https://github.com/oliverphilcox/RascalC
11https://github.com/cosmodesi/pyrecon
12https://github.com/cosmodesi/cosmoprimo
13The values for the baseline cosmology differ from those used in the official BAO analysis for DESI DR1

[13]. We opted to use our own estimates for b1 for consistency with the rest of the cosmologies.

– 12 –

https://github.com/cosmodesi/thecov
https://github.com/oliverphilcox/RascalC
https://github.com/cosmodesi/pyrecon
https://github.com/cosmodesi/cosmoprimo


tracer baseline low-Ωm thawing-DE high-Neff low-σ8
BGS b1(z) 1.81 1.75 1.80 1.77 1.96

0.1 < z < 0.4 f(z) 0.681 0.645 0.684 0.665 0.681

LRG b1(z) 2.10 2.05 2.02 2.04 2.27
0.4 < z < 1.1 f(z) 0.834 0.809 0.821 0.823 0.834

ELG b1(z) 1.22 1.20 1.17 1.20 1.33
0.8 < z < 1.6 f(z) 0.900 0.883 0.888 0.893 0.900

QSO b1(z) 2.69 2.63 2.56 2.64 2.91
0.8 < z < 2.1 f(z) 0.948 0.939 0.942 0.944 0.948

Table 2. Linear bias b1(z) and growth rate f(z) values used for reconstruction with the cosmologies
tested. The reconstruction was performed on the complete samples (i.e., not separated in redshift
bins, as was done for the fitting) in accordance with [13, 34].

spectrum amplitude and the modes measured in observable space, since the modes are fixed
in the comoving (grid) space; whereas the change in shape in the quadrupole is related to
the AP effect.

4.4 BAO fitting

We run BAO fits following the state-of-the-art model, as implemented in desilike14 both
in Fourier and configuration space. Our BAO model follows equation 2.7, with the explicit
choices

B(k, µ) =
(
b1 + fµ2

)2
(
1 + 1

2k
2µ2Σ2

s

)2 , (4.1)

C(k, µ) =
(
b1 + fµ2

)2
exp

[
−
k2µ2Σ∥ + k2(1− µ2)Σ⊥

2

]
, (4.2)

where (b1 + fµ2)2 is the linear Kaiser factor, B includes the FoG effect at small scales,
determined by the streaming scale Σs; and C includes the non-linear damping of the BAO,
described by the damping factors Σ∥ and Σ⊥, parallel and perpendicular to the line of sight.

The power spectrum multipoles are formally given by15

Pℓ(k) =
2ℓ+ 1

2

∫ 1

−1
dµLℓ(µ)

[
B(k, µ)Pnw(k) + C(k, µ)Pw

(
k′(k, µ;αiso, αAP)

)]
+Dℓ(k), (4.3)

where Dℓ(k) accounts for the broad-band corrections due to non-linearities and additional
systematics. Traditionally, this term has been chosen to be a series of polynomials, for which
the degree and number are usually empirically calibrated. The new implementation adopted
in the DESI collaboration is introduced in [32]; it consists of using a series of picewise cubic
spline (PCS) kernels with a spatial separation of (at least) 2π/rd, in order to ensure that the
broad-band addition is unable to reproduce the oscillatory features in the power spectrum.
The number of terms for Dℓ depends on the fitting range.

14https://github.com/cosmodesi/desilike
15This matches Eq. 4.4 in [13] except for a small difference: the factor C(k, µ) is not affected by the change

of coordinates. As discussed in the same reference, the dilation is degenerate with the free parameters within
C, which means that the choice does not play a significant role. Most of the tests in this work had been done
before the model was updated to include C(k′, µ′) for the final pipeline in [13].
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Figure 4. Mean post-reconstruction power spectrum multipoles for the LRG 0.8 < z < 1.1 redshift
bin of the 25 realisations of the Abacus-2 DR1 mocks. The first and third panels show the monopole
and quadrupole calculated with the different grid cosmologies, respectively. The second and fourth
panels show the differences with respect to the baseline measurements, relative to the square root
of the diagonal of the covariance matrix Cℓ,ℓ′ calculated for the baseline cosmology. The cosmology
assumed for reconstruction matches the grid cosmology. The largest effect occurs for the thawing-DE
cosmology.
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The multipoles in configuration space are obtained by simply Hankel transforming the
multipoles in Fourier space. The broadband correction in this case consists of a combination
of even polynomial terms and the non-vanishing Hankel transforms of the PCS kernels (see
[13, 32] for details).

We assume a Gaussian likelihood

L ∝ exp(−χ2/2), (4.4)

with
χ2 = (D−WM)T C−1 (D−WM) , (4.5)

where D is the data vector, M is the model vector, C is the covariance matrix and W the
survey window matrix in the case of Fourier Space fits, whereas in configuration space W is
a ‘binning’ matrix.

In Fourier space, we use a fitting range of 0.02 hMpc−1 < k < 0.3 hMpc−1 with ∆k =
0.005 hMpc−1; while in configuration space we have 48 h−1Mpc < s < 152 h−1Mpc with
∆s = 4 h−1Mpc. Fits are performed in the αiso, αAP basis. Either anisotropic (monopole +
quadrupole) or isotropic (monopole) fits are run depending on the redshift bin, in accordance
to [13]. Our choices for the priors correspond to those shown in Tables 5 and 6 in the same
reference.

For our test with mocks, we are mainly interested in the best fit values, which we obtain
by making use of the desilike wrapper of the Minuit profiler [76]. For data, we additionally
sample the posterior with the MCMC ensemble sampler emcee [77].

4.5 Parameterising the difference in the BAO scales

Even with varied grid and template cosmologies for BAO analysis in fiducial comoving space,
we anticipate consistent BAO scales in observable space, unless a particular choice of the
fiducial cosmology introduces a bias on the inferred BAO scale. In this section, we describe
how we quantify any net differences (i.e., bias) in the measured dilation parameters after
accounting for the expected effect of the fiducial cosmologies. We first rescale the values
measured with a given cosmology in terms of the baseline cosmology distance ratios as

αmeasured → αmeasured

αrescaling
(4.6)

with

αrescaling
∥,⊥,iso =

Dbaseline

Dgrid

rtemd

rbaselined

, αrescaling
AP =

Dbaseline
M /Dbaseline

H

Dgrid
M /Dgrid

H

, (4.7)

and where D is to be taken as DM, DH or DV for considering α⊥, α|| or αiso respectively.

The quantities αrescaling would be equal to the expected α values if the baseline cosmology is
assumed as the true cosmology. Thus, in order to reduce sample variance, we focus on the
difference

∆α =
αmeasured

αrescaling
− αmeasured

baseline . (4.8)

The differences are expected to be zero in an ideal scenario where no systematic errors
were introduced. Notice that this definition is independent of the underlying true cosmology
(as opposed to measuring the differences with respect to expected value) and thus can be
equally applied to mocks and data. For the tests with mock catalogues, we calculate the mean
and the standard deviations of these differences, using the sample variance cancellation.
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5 Results

In this section we present three sets of results. First, our main results, derived from the
Abacus-2 DR1 mocks, are reported in Sec. 5.1. These served to establish our estimate of
the contribution to the systematic error budget for the DESI BAO analysis [13]. Secondly,
Sec. 5.2 includes the tests that were performed with blinded and unblinded DR1 data. In
Sec. 5.3 we investigate the separate contributions of the grid and template cosmologies.

5.1 Testing fiducial cosmology systematics with Abacus-2 DR1 mocks

Table 3 summarises our results making use of the Abacus-2 mocks with ‘fast-fiberassign’,
both in Fourier and configuration space. We present the average values for the quantities
∆αiso and ∆αAP, and quantify the error as the standard deviation of the mean. We decided
to consider bias detected if a net non-zero difference is measured with a significance greater
than 3σ, in accordance with the rest of the systematic-error studies for the DESI BAO DR1
analysis (see Section 5 in [13] ). As anticipated, the results are generally dependent on
redshift, reflecting the z-dependent influence of the grid cosmology when it deviates from the
true cosmology (see Fig. 1). The values for the biases range from hundredths of a percent to
a few tenths of a percent for both parameters. Figure 5 demonstrates that the best-fit BAO
scales are highly correlated between the two statistics in all cases (top and the third rows),
using LRG 0.6 < z < 0.8 as an example. The second and the fourth rows show that, once
differences between different pairs of cosmologies are made, the sample variance is largely
cancelled, and the residual differences are uncorrelated between the Fourier space and the
configuration space, which is what one would expect if there is no systematic bias in the
residuals.

In detail, we find a systematic shift in αiso for the high-Neff cosmology, of about 0.1−
0.2% in Fourier space (up to 0.3% in configuration Space16) across the different redshift
bins (Table 3). We argue that this shift can be explained given that for this cosmology, for
which Neff = 3.70 is notably high, the sound horizon scale and the actual BAO locations
scale differently with respect to the rest of the cosmologies due to the incorrect assumption
of Neff in the template. This deviation stems from the scale-dependent phase shift in the
BAO feature, as determined by Neff ; a more detailed explanation is offered in Appendix B.
Note that the shift is detected above the level imposed above in several cases (e.g. LRG
0.8 < z < 1.1). For this particular case, we opt not to consider this as part of the systematic
error budget, as the rd rescaling is a matter of interpretation rather than a matter of the
observed BAO locations.

In addition, it is observed that the thawing-DE cosmology yields the largest dispersion
of the differences for αAP across all redshift bins. It is important to note that this cosmology
introduces a deviation in the redshift-to-distance relation as large as 7-9% (Figure 1). There
is also a detection of a 0.1% shift in αiso in the case of LRGs for 0.8 < z < 1.1 in Fourier
space. This result sets 0.1% as our bound for the estimated systematic error budget due to
the fiducial cosmology, as reported in Table 11 of [13].

Given that the low-σ8 cosmology is identical to the baseline cosmology, except for
the power spectrum amplitude, we attribute any discrepancies to the wrong choice of b1
when performing reconstruction. This is because even though the amplitude of the template
changes, this is, in principle, absorbed by the linear bias parameter itself when running the
fit. From Table 2, the differences in b1 between the low-σ8 and low-Ωm cosmologies are

16We corroborated that the larger shift in configuration space is caused by outliers.
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Figure 5. Comparison of the measured α values in configuration space (CS) and Fourier space (FS)
by analysing the 25 Abacus-2 mocks with the different cosmologies. All values are rescaled according
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the measurements for DR1 data. The values in CS and FS are well correlated for αiso and αAP, but
not necessarily for ∆αiso, ∆αAP.
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around 7–9%. As expected, the dispersion in ∆αiso,AP is generally lower than in the other
cases.

For the low-Ωm cosmology, there is no clear detection of a shift, nor a coherent trend in
the ∆αiso,AP values. This is particularly relevant, since the change of Ωm (larger than 12%
for this cosmology) has a significant impact on both rd and the redshift-to-distance relation
that does not ‘cancel out’, as opposed to the other cases (see the αiso panel in Figure 3).

In section 5.3, we explore the separate contributions from the grid and the template.

5.2 Analysing DR1 data with different cosmologies

Figure 6 shows the comparison of the measured α values for the different cosmologies making
use of the power spectra obtained from DR1 blinded data. For this test, we followed the same
settings as described above, changing the reference cosmology across the whole pipeline. The
α values shown are normalised in such a way that the measured values for the baseline

cosmology are equal to 1, as the blinding technique artificially introduces shifts to the mea-
sured distances and hence, we are not concerned with the magnitude of the values, but only
with the consistency observed when changing settings. This test formed part of a number
of ‘unblinding’ tests to which DR1 data was subjected (see [13] for details) in order to avoid
confirmation bias while converging on the final settings for the analysis of the unblinded
data. The measurements are in agreement with each other within the expected error. The
largest deviations occur for the LRG (0.6 < z < 0.8) with the thawing-DE cosmology, for
which there is a discrepancy of 0.3 (0.2) times the statistical error for αiso (αAP).

Finally, we proceeded to process the unblinded data in a similar way. The results are
displayed in Figure 7 for Fourier space and Figure 8 for configuration space. We do not
show the measured values explicitly for each cosmology; instead we show the differences
of the rescaled α values and where they lie within the distribution from the mocks. It
can be observed that the differences are in good agreement with the histograms of the 25
Abacus-2DR1 mocks, except for QSO with the thawing-DE (high-Neff) cosmology in Fourier
(configuration) space. We measure a difference of about 1% in both cases, although in
different directions (the deviation cannot be considered significant compared to the expected
mock distribution in configuration space). We note, however, that this corresponds to less
than half the statistical error for this redshift bin (see Table 15 in [13]). Being a single
realisation it is possible that this represents an outlier. An example of how the posterior
distribution is stable against the change of fiducial cosmology is provided in Figure 9, which
corresponds to the contour plots for the α values for ELG with 1.1 < z < 1.6.

5.3 Grid vs. Template cosmology

We now isolate the effect of the change of grid and template by re-analysing the Abacus-2

mocks in the following way:

• Varying the grid cosmology and fixing the template to the baseline cosmology.

• Fixing the grid cosmology to the baseline cosmology and varying the template cos-
mology.

The test is performed on the post-reconstruction catalogues, where the reconstruction
settings match the grid cosmology. We use the same definition for the deltas as in Equation
4.8, where for these particular cases the conversion factor (Eq. 4.7) simplifies such that
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cosmology ⟨∆αiso⟩ [%] ⟨∆αAP⟩ [%] ⟨σstat
αiso

⟩ [%] ⟨σstat
αAP

⟩ [%]

BGS low-Ωm FS −0.05± 0.08 1.95± 0.15
0.1 < z < 0.4 CS −0.07± 0.07 1.90± 0.09

thawing-DE FS −0.02± 0.10 1.99± 0.14
CS −0.12± 0.10 1.79± 0.09

high-Neff FS 0.11± 0.05 1.93± 0.15
CS 0.14± 0.04 1.90± 0.08

low-σ8 FS 0.02± 0.03 1.91± 0.13
CS −0.02± 0.05 1.86± 0.08

LRG low-Ωm FS −0.02± 0.04 −0.15± 0.16 1.19± 0.05 3.99± 0.17
0.4 < z < 0.6 CS 0.02± 0.06 −0.10± 0.17 1.24± 0.05 4.34± 0.19

thawing-DE FS 0.06± 0.04 −0.02± 0.18 1.21± 0.06 4.11± 0.21
CS −0.02± 0.04 0.11± 0.20 1.14± 0.05 3.97± 0.18

high-Neff FS 0.11± 0.03 −0.07± 0.09 1.19± 0.05 4.00± 0.18
CS 0.21± 0.04 0.12± 0.15 1.24± 0.05 4.34± 0.21

low-σ8 FS 0.02± 0.01 0.00± 0.06 1.18± 0.05 3.97± 0.18
CS 0.07± 0.04 −0.10± 0.09 1.19± 0.05 4.13± 0.17

LRG low-Ωm FS −0.09± 0.05 0.23± 0.12 1.00± 0.03 3.31± 0.12
0.6 < z < 0.8 CS −0.01± 0.04 0.07± 0.13 0.99± 0.02 3.47± 0.11

thawing-DE FS 0.00± 0.04 −0.20± 0.11 0.98± 0.03 3.31± 0.12
CS −0.01± 0.03 0.19± 0.14 0.90± 0.02 3.14± 0.10

high-Neff FS 0.07± 0.03 0.07± 0.07 0.97± 0.03 3.22± 0.11
CS 0.17± 0.03 0.13± 0.13 0.98± 0.02 3.42± 0.11

low-σ8 FS 0.03± 0.01 0.04± 0.04 0.96± 0.03 3.23± 0.12
CS 0.02± 0.02 0.05± 0.06 0.96± 0.02 3.36± 0.11

LRG low-Ωm FS 0.01± 0.01 0.04± 0.06 0.84± 0.02 2.75± 0.06
0.8 < z < 1.1 CS −0.01± 0.03 0.16± 0.13 0.87± 0.02 2.99± 0.07

thawing-DE FS −0.10± 0.03 −0.04± 0.09 0.84± 0.02 2.79± 0.07
CS −0.01± 0.04 0.18± 0.13 0.81± 0.02 2.77± 0.08

high-Neff FS 0.12± 0.01 0.05± 0.03 0.84± 0.02 2.90± 0.15
CS 0.16± 0.03 0.10± 0.13 0.87± 0.02 2.96± 0.07

low-σ8 FS 0.02± 0.01 −0.05± 0.04 0.84± 0.02 2.76± 0.07
CS −0.01± 0.02 −0.04± 0.06 0.85± 0.02 2.90± 0.07

ELG low-Ωm FS −0.09± 0.04 1.60± 0.10
0.8 < z < 1.1 CS −0.16± 0.06 1.73± 0.06

thawing-DE FS 0.11± 0.05 1.65± 0.11
CS 0.12± 0.09 1.69± 0.06

high-Neff FS 0.08± 0.03 1.60± 0.10
CS 0.10± 0.05 1.74± 0.06

low-σ8 FS −0.05± 0.02 1.59± 0.10
CS −0.10± 0.05 1.69± 0.06

ELG low-Ωm FS −0.05± 0.03 0.00± 0.10 1.40± 0.05 4.33± 0.11
1.1 < z < 1.6 CS −0.16± 0.07 −0.03± 0.28 1.50± 0.04 4.88± 0.11

thawing-DE FS 0.00± 0.03 0.10± 0.16 1.42± 0.06 4.40± 0.13
CS −0.04± 0.06 0.19± 0.27 1.44± 0.05 4.69± 0.11

high-Neff FS 0.06± 0.03 0.03± 0.10 1.41± 0.06 4.34± 0.11
CS 0.23± 0.06 −0.40± 0.26 1.50± 0.05 4.84± 0.11

low-σ8 FS 0.00± 0.02 −0.02± 0.08 1.39± 0.06 4.28± 0.13
CS −0.08± 0.04 0.07± 0.17 1.45± 0.05 4.76± 0.12

QSO low-Ωm FS 0.11± 0.08 1.64± 0.09
0.8 < z < 2.1 CS 0.22± 0.13 1.65± 0.08

thawing-DE FS −0.01± 0.05 1.65± 0.08
CS 0.04± 0.13 1.57± 0.06

high-Neff FS 0.13± 0.06 1.62± 0.08
CS 0.28± 0.09 1.94± 0.29

low-σ8 FS −0.01± 0.01 1.62± 0.08
CS −0.03± 0.04 1.61± 0.08

Table 3. Impact of the fiducial cosmology observed from the 25 Abacus-2 DR1 mocks. The mean
of the differences (Eq. 4.8) is reported for the different cosmologies in Fourier space (FS) and con-
figuration space (CS). For comparison, the last two columns show the mean of the statistical error
obtained with Minuit.
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Figure 6. Comparison of the α values measured for DR1 blinded data with the different cosmologies
in Fourier space. The results are adjusted such that the expectation value is αiso,AP = 1 in order to
avoid confusion since the blinding technique shifts the AP distortions. The shaded regions indicate
the statistical error obtained from the fit with the baseline cosmology.

Dbaseline/Dgrid → 1 when the grid is fixed, while rbaselined /rtemd → 1 when the template is
fixed. For this part of the study, we focus on fits in Fourier space.

Figure 10 shows a box-plot comparison of the three cases: varying independently the
grid or the template cosmology, or varying them simultaneously (our baseline analysis). A
number of trends can be observed. First, we confirm, as argued above, that the systematic
bias for αiso measured for the high-Neff cosmology is due to the template17. Conversely,
regarding the large dispersion for the thawing-DE cosmology in the case of the anisotropic
dilation, the figure suggests that this is mainly driven by the stochasticity introduced by
the change of grid cosmology. The effect can be seen not only in αAP but also in αiso. This
is related to the fact that the isotropic dilation affects this case the most; the change in
comoving volume is of the order of 20% for all redshift bins. Lastly, the low-σ8 cosmology
allows us to isolate the effect of the wrong b1. We corroborate that changing the template

17In addition, the change of grid can introduce some dispersion (but no bias) for the high-Neff cosmology
(e.g., pink boxes in Figure 10 for ELG and QSO). However, the effect is less pronounced than what is observed
for the low-Ωm cosmology. This is expected (see Figure 1). The change in Ωm with respect to the baseline

cosmology is 5% for the high-Neff cosmology as opposed to 12% for the low-Ωm cosmology.
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Figure 7. Histograms of the differences ∆αiso,AP measured for the different cosmologies for the 25
Abacus-2 mock realisations from the analysis in Fourier space. The solid red line corresponds to DR1
unblinded data. Top: αiso. Bottom: αAP

amplitude has a minimal effect on the fits (blue boxes for this cosmology are barely visible
in the plot), while assuming the wrong linear bias (pink boxes) produces some non-negligible
dispersion in some cases. For instance, for the second ELG redshift bin, there are differences
for αAP of up to 0.8% (significantly smaller than the statistical error of 4.6% reported in
Table 15 of [13] for this redshift bin).

6 Summary and Conclusions

In this work we have assessed the systematic error budget associated with the choice of fidu-
cial cosmology in the context of the BAO analysis for DESI DR1. We do this by making
use of a set of 25 mock catalogues with survey realism corresponding to the DESI tracers:
BGS, LRG, ELG and QSO. DESI’s fiducial cosmology, Planck 2018 (or c000 in the Abacus-
Summit nomenclature) is used as our baseline cosmology and the rest of the cosmologies
under consideration are the AbacusSummit secondary cosmologies: c001 (low-Ωm), c002
(thawing-DE model), c003 (high-Neff) and c004 (low-σ8). The baseline test consisted in
analysing each mock 5 times, by changing the grid, template and reconstruction cosmology
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Figure 8. Analogous to Figure 7 but for configuration space.

in a consistent way. We report our estimate for a systematic shift as the average of the
quantity ∆αiso,AP with an associated error equal to the standard deviation of the mean. We
consider a 3σ detection significance in order to report a shift as significant. Under these
criteria, we find a systematic shift of ∼ 0.2% for the high-Neff cosmology across all redshift
bins. However, we note that this case is particular and we are able to ascribe the bias to
the template. More precisely, it is a well-known fact that the BAO in the matter power
spectrum undergo a scale-dependent phase shift determined by the cosmological parameters.
In extreme cases, such as high Neff , the standard interpretation of the dilation parameters,
namely the rescaling by rtemd /rd, fails due to the cosmology dependence of the phase shift.
However, such extreme scenarios are mostly ruled out by constraints from the CMB, for
instance Neff = 3.70 is three sigma off from the value reported by Planck. For this reason,
even though it serves as a sanity check to consider such cases, we opt not to regard this
particular shift as part of the systematic error budget. In addition, we find a single detection
of a systematic shift of 0.1% for the central LRG redshift bin for the thawing-DE cosmol-
ogy. Our final recommended fiducial-cosmology-dependent contribution to the error budget
for the DESI DR1 BAO measurements is 0.1% for both αiso and αAP. This conservative
number was determined, apart from our single detection, by taking into account the order of
magnitude of the dispersion for ∆αiso,AP (see Fig. 7 and Fig. 8). Our results are included
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Figure 9. Contour plots showing the 1σ and 2σ regions of the sampled posterior distribution by fitting
the Fourier space multipoles of the clustering of DESI DR1 data for the second ELG redshift bin.
The delta values are calculated for each cosmology following Equation 4.8 (recall that this definition
does not depend on the true cosmology).

in Section 5 of [13], and the estimated systematic error was added in quadrature, along with
the other contributions, to the statistical error.

Moreover, the separate contributions of the template and the grid cosmologies were
studied in this work. Our results imply that the change of grid is generally associated with
an increase in the dispersion in our measurements of the compression parameters αiso,AP

(e.g., the thawing-DE cosmology)18. Likewise, the effect of the wrong template enters mostly
in the interpretation of the rescaling by the sound horizon ratio, however, some dispersion
is also expected. The exact magnitude of these effects may depend on the specifics of the
cosmology under consideration, hence, given the limited number of cosmological scenarios
tested, we do not observe obvious trends (see for example [20], where they report a slight

18The observed dispersion in the distributions of the differences ∆αiso,AP, which are otherwise generally
unbiased within 0.1%, is consistent with the discussion in Section 8 of [13]. Namely, analysing the same
dataset with different grid cosmologies can be regarded as comparing two different unbiased estimators of the
truth.
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Figure 10. Box-plots for the distributions of the differences of the α values (rescaled to the baseline
cosmology units) for the three sets of settings: varying the template and grid cosmologies accordingly
(white), varying the grid cosmology with the template cosmology fixed to baseline (pink) and varying
the template cosmology with the grid cosmology fixed to baseline (blue). The box extends from
the first to the third quartile, whereas the whiskers are drawn up to 1.5 times the interquartile range
(IQR); outliers are not plotted.

dependency on h and Ωm). Conversely, we emphasise that at the precision level for the DESI
DR1, even when cosmological parameters ruled out by CMB measurements are considered,
which is the case for the AbacusSummit secondary cosmologies, our BAO measurements
exhibit a remarkable robustness (see Figure 9).

7 Data Availability

The data will be publicly available once the paper is accepted for publication.
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A Geometrical distortions in configuration space

Under the AP change of coordinates, the two point correlation function transforms as:

ξobs(s, ν) = ξ(s′[s, ν; qiso, qAP], ν
′[s, ν : qiso, qAP]), (A.1)

with
s′(s, ν; qiso, qAP) =

qisos

q
1/3
AP

[
1 + ν2(q2AP − 1)

]1/2
, (A.2)

ν ′(s, ν, qiso, qAP) = qAPν
1

[
1 + ν2(q2AP − 1)

]1/2 , (A.3)

where ν is the cosine of the angle between the separation vector and the line of sight. The
primed coordinates denote the true coordinates, while the unprimed coordinates denote the
grid coordinates.

B Effect of Neff in the template

The impact of Neff on the scale-dependent phase of the BAO in the matter power spectrum
has been extensively studied in recent years [78, 79] and has even been exploited to constrain
Neff itself from an ‘extended’ BAO analysis [80]. The technicalities are beyond the scope
of this paper, we instead focus on the possible effect within the standard BAO analysis. In
brief, the change in shape and position of the BAO signal in the template due to the phase
shift induced by varying Neff is not completely captured by the rtemd /rd rescaling, resulting
in potential residual biases when fitting for the α dilation parameters. In fact, the role of the
scale-dependant phase in the matter power spectrum is more general and it translates into
a mismatch between the nominal sound horizon rd (as calculated from a Boltzmann code)
and the BAO peak in the correlation function [81, 82]. Past studies have tested the accuracy
of the rd rescaling assumption by considering extreme scenarios [18, 21]. In particular, [18]
reported biases of at most 0.15% for cases with ∆Neff as large as 2 and a similar result when
varying the sum of neutrino masses

∑
mν .

In order to observe the shift in the template for our high-Neff cosmology, one can
consider the heuristic exercise of calculating the 2-point correlation function from the Pw(k)
component of the power spectrum and compare the peak position after rescaling by the sound
horizon ratio (analogous to Fig. 2). The bottom panel of Figure 11 compares the positions
of the BAO peak after being rescaled by rtemd /rbaselined for the 5 cosmologies considered.
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Figure 11. Top: Two point correlation function (2PCF) at z = 0.8 computed by Hankel transforming
the Pw(k) component of the linear power spectrum from CLASS. The dotted lines indicate the local
maximum in the 2PCF. Bottom: Analogous to the top panel, but with the distances rescaled by
rd/r

baseline
d . A shift for the high-Neff cosmology is noticeable by eye, as opposed to Figure 2, where

the phase shift is not straightforward to spot. The position of the local maximum is off by 0.12% for
the high-Neff cosmology.
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