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Abstract: We present a simple yet effective method to resolve prior-volume effects, also
known as projection effects, in full-shape analyses of the power spectrum multipoles within
the Effective Field Theory of Large-Scale Structure (EFTofLSS). By re-defining the EFTofLSS
nuisance parameters to incorporate the contribution from the parameters impacting the
amplitude of the EFTofLSS modelling components, we substantially mitigate projection
effects. With the re-parametrisation the actual posterior maximum values are within the
marginalised credible interval, eliminating significant shifts observed in the baseline analysis.
We demonstrate the robustness of this method in full-shape w0waCDM analyses on synthetic
data in BOSS DR12 and DESI DR1 setups. We find that the re-parametrisation with the
Alcock-Paczynski amplitude is important for unbiased constraints in dark energy models
beyond Λ. For the evolving dark energy model, we then analyse the BOSS DR12 measurements,
in combination with BAO information (from BOSS DR12, 6DF, SDSS DR7 MGS and eBOSS
DR16 surveys) and 3 × 2 pt measurements from DES Y3 — all data combinations are
converging into the w0 − wa parameter region preferred by DESI+CMB+SNIa. From total
combination of these large-scale structure probes without additional CMB information we
find w0 = −0.72 ± 0.21, wa = −0.91+0.78

−0.64. Despite the low significance of deviation from
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standard cosmology, this result underscores the potential of our re-parametrisation approach
in delivering low-redshift cosmological constraints. We argue for the use of this approach
in spectroscopic Stage IV surveys, where the potential deviation from standard cosmology
can be detected with higher significance.
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1 Introduction

Spectroscopic surveys of Large-Scale Structure (LSS), such as the Baryon Oscillation Spectro-
scopic Survey (BOSS) [1], its extension eBOSS [2], and recently the Dark Energy Spectroscopic
Instrument (DESI), [3] measured redshifts of millions of galaxies. These measurements can
be translated into spatial distribution of galaxies, from which we can learn key cosmological
information. From a “bump”, an excess of signal in the two-point correlation function of these
galaxies measured at different redshifts, we can measure cosmological expansion and matter
density [4, 5]. Such excess of signal is known as baryonic acoustic oscillations (BAO), and can
be used as a standard ruler: its position encodes the size of the Universe at the epoch slightly
after re-combination. Beyond this feature, we can explore the shape of two-point correlators
in redshift space and their Fourier-transform, the power spectrum multipoles. From these
we can gain additional information on the growth of cosmic structures, the amplitude and
shape of the primordial power spectrum [6, 7].

While in principle containing more cosmological information than BAO, a full-shape
(FS) analysis also demands a more complex modelling prescription. Currently, the standard
theoretical framework for modelling power spectrum multipoles in a FS analysis is the effective
field theory of large-scale structure (EFTofLSS) [8–13]. The EFTofLSS approach allows us to
model the power spectrum multipoles in redshift space up to mildly nonlinear scales. Based
on standard perturbation theory of structure formation, it includes contributions from smaller
astrophysical scales via a small number of additional parameters, the so-called counterterms.
In addition to the counterterms, the model includes other nuisance parameters such as those
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related to galaxy bias and shot noise contributions. Although these parameters allow the
EFTofLSS to successfully fit a broad range of cosmologies (e.g., modified gravity [14, 15], dark
energy models [16, 17], various galaxy-halo connections [18]), they also introduce projection or
prior-volume effects, which complicate the interpretation of cosmological inferences. Projection
effects arise when a high-dimensional non-Gaussian posterior distribution is compressed in
a lower-dimensional parameter space [19, 20]. They are manifested by the best-fit, i.e. the
Maximum A Posteriori (MAP) value being in disagreement with the peak of the marginalised
posterior [21, 22]. This disagreement appears when unconstrained or weakly constrained
regions of the nuisance parameter space significantly contribute to the marginalised posterior
of cosmological parameters. Projection effects within EFTofLSS are especially prominent for
beyond-ΛCDM cosmologies, in which additional parameters are strongly degenerate with
cosmological and nuisance parameters [23, 24]. Potential solutions to mitigate projection
effects include various methods, such as informative priors on cosmological parameters
motivated by CMB measurements [19, 23]; Jeffreys priors [25] on nuisance parameters [26–28];
priors on nuisance parameters informed by halo occupation distributions [29, 30]; combination
with external probes [31].

In this work we propose a simple solution — a re-parametrisation scheme1 for the nuisance
parameters of the EFTofLSS. A similar approach is presented in the baseline analysis of DESI
DR1 [24, 32], its re-analysis [33, 34], and photometric clustering with perturbative galaxy
bias with DES Y3 [35, 36]. There, the nuisance parameters absorb σ8, a parameter that
corresponds to the normalisation of the power spectrum defined as the variance of the density
field smoothed within a radius R = 8 Mpc h−1. Such re-parametrisation helps connecting
the model parameters with the observed power spectrum multipoles (or angular correlation
functions in case of DES) and reducing biases from projection effects. Following the same
logic, we propose that absorbing the Alcock-Paczynski (AP) [37] amplitude significantly
reduces projection effects for dark energy models beyond cosmological constant in FS analysis.
The AP effect introduces anisotropies in the measured multipoles because of a discrepancy
between the fiducial cosmology, assumed to convert redshifts to distances, and the true
underlying cosmology. It also re-scales the overall amplitude of the signal.

This paper combines two topics: (1) mitigating projection effects via re-parametrisation
of the EFTofLSS parameters and (2) constraining evolving dark energy with Stage III
(pre-DESI) LSS data. The first topic is covered in sections 3 and 4. There, we discuss
prior-volume effects in FS analysis (section 3). We also study various re-parametrisations of
the EFTofLSS nuisance parameters in a FS analysis with synthetic Stage III data (section 4.1)
and then apply the best solution to a synthetic Stage IV scenario (section 4.2). The second
topic of this paper is covered in sections 2, 4.1 and 5. We specify the different sets of
Stage III data and the setup used in our analysis in section 2. We provide constraints for the
evolving dark energy parameters in BOSS DR12 FS analysis with our re-parametrisation in
section 4.1. Then in sections 5.1–5.2, we add information from BAO (BOSS and external)
and photometric probes (DES Y3) to gain more information from available LSS probes
and provide constraints independent from the cosmic microwave background (CMB) and
supernova (SN) measurements.

1For a simpler toy-example of the re-parametrisation and its impact on prior-volume effects see the
corresponding discussion in section 2.3 of ref. [22].
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2 Data and analysis setup

We first summarise all the cosmological probes and analysis setups used in our inference.
Note that, if not explicitly stated otherwise, we use the Nautilus-sampler [38] to explore the
parameter space. Additionally, marginalised posteriors and credible intervals are obtained
using GetDist2 [39], while for all MAP-values of the un-marginalised posterior distribution
we use a minimiser called minuit.3

BOSS. The main focus of this work is FS analysis, for it we consider the galaxy power
spectrum multipoles from BOSS DR12 [40–42]. The dataset consists of two galaxy samples:
CMASS and LOWZ with effective redshifts z1 = 0.38 and z3 = 0.61, respectively. Each
sample covers two different sky cuts, NGC in the north and SGC in the south. Hence in total,
we fit 4 independent sets of multipoles. The multipole measurements and covariance4 are
provided in ref. [43] and are obtained with the windowless estimator [44, 45]. The covariance
is computed from “MultiDark-Patchy” mock catalogues [46, 47]. Complementarily, we also
use four BAO measurements from BOSS DR12 in the same patches of sky [43] (with the
corresponding cross-covariance when combined with the multipoles). Further in the text,
“FS” analysis includes only the multipoles, “FS+BAO” and “BOSS” denote the analysis
with the multipoles in combination with the BAO data. In terms of the analysis choices,
we keep priors on cosmological parameters broad and only impose Gaussian priors on the
baryon density (BBN prior [48–50]) and spectral index (10 times the standard deviation
from Planck’s constraints [51], similar to the DESI DR1 setup). Priors on the nuisance
parameters in the baseline analysis are given in the left part of table 2. Priors on the
evolving dark energy parameters are uniform: w0 ∈ [−3, −0.3], wa ∈ [−3, 3], and with the
following condition for the matter-domination epoch: w0 +wa < 0. We fit the power spectrum
multipoles (P0, P2, P4) with the identical scale-cuts of kmax = 0.2 h/Mpc. Our analysis setup
and likelihood pipeline are discussed in detail in refs. [19, 23].

Synthetic data (Stage III). To study projection effects in section 4.1, we create synthetic
noiseless data vectors of BOSS-like power spectrum multipoles. The goal of our study is
to understand the shifts between maxima of the unmarginalised and marginalised posterior
distributions driven exclusively by prior-volume effects from the EFTofLSS nuisance parame-
ters. With noisy synthetic data, the posterior peaks can be shifted within 1σ of the fiducial
parameters due to statistical fluctuations even in the absence of any prior-volume effects. To
avoid such additional uncertainty we work with noiseless synthetic data. In the synthetic data
analysis we use the same covariance as in the BOSS DR12 real data analysis. For fiducial
cosmological parameters we take ωc = 0.12, ωb = 0.02268, h = 0.68, ns = 0.97, ln (1010As) =
3.044, w0 = −1, wa = 0, Mν = 0.06 eV, while the nuisance parameters are determined by
maximising the full likelihood with cosmology fixed to the fiducial values. In figure 1 we
show the agreement in the baseline FS analysis for evolving dark energy on real data (blue)
and synthetic ΛCDM data (orange). With noiseless synthetic data we also demonstrate
that all cosmological parameters recover their true values in the baseline analysis when all

2https://github.com/cmbant/getdist
3https://github.com/jpivarski/pyminuit
4https://github.com/oliverphilcox/full_shape_likelihoods/tree/main/data
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Figure 1. Baseline FS analysis: 1D marginalised constraints on cosmological parameters on real BOSS
DR12 data (blue) and synthetic ΛCDM data (orange). Solid lines denote the baseline analysis with
all parameters varied, while the dashed lines denote the baseline analysis with nuisance parameters
fixed to their fiducial values. Fiducial values of cosmological parameters in the synthetic data are
shown by the grey lines.

Galaxy sample zeff Vs [Gpc3/h3] b1 n̄ [h3/Mpc3]
BGS 0.2 0.94 1.14 3.2 × 10−4

LRGs 0.8 7.88 2.56 2.7 × 10−4

ELG 1.2 14.32 1.51 1.7 × 10−4

Table 1. Parameters used to generate the synthetic DESI-like data-vectors in DR1 scenario. We
follow ref. [3] in computing the effective redshift zeff and determining the linear bias b1. Total volume
and number density is computed with numbers from ref. [52].

nuisance parameters are fixed to their fiducial values. As expected, when cosmological and
nuisance parameters are varied in the baseline analysis, we observe shifts towards lower
As values, which are present in the analyses of standard and extended cosmologies (see
refs. [19, 23, 31]). We also observe shifts due to additional degeneracy between the evolving
dark energy and expansion rate parameters: h is shifted towards the upper prior bound,
while the dark energy parameters prefer w0 < −1 and wa > 0. The driving mechanisms
for both cases is discussed in the following section 4.

Synthetic data (Stage IV). To demonstrate robustness of our re-parametrisation approach
in section 4.2, we create synthetic noiseless data vectors of DESI DR1-like power spectrum
multipoles. We follow the steps described in section 4.3 of ref. [23]: we assume the same
fiducial values for the cosmological parameters as above and simulating the three galaxy
samples that are the target of DESI. This is repeated in two scenarios: standard cosmology
(w0 = −1, wa = 0) and evolving dark energy (w0 = −0.42, wa = −1.75). Values of effective
redshifts and linear galaxy bias are taken from ref. [3], while number density of the samples
and their total volume are computed with numbers from table 2 of ref. [52]. We list these
numbers in table 1. For the analysis we use the analytical covariance computed following
ref. [53] and scale-cuts of kmax = 0.25 h/Mpc for all multipoles.

extBAO. In section 5, we combine BOSS DR12 measurements with external BAO, namely
with pre-reconstruction BAO measurements at low redshift from the 6DF survey [54] and
SDSS DR7 MGS [55]. We also add information from high redshift measurements of the
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Hubble factor and angular diameter distance from the Ly-α forest auto and cross-correlation
with quasars from eBOSS DR16 [56].

DESY3. In section 5, we also add 3 × 2 pt correlation functions from DES Y3 [57, 58]. They
contain cosmic shear, galaxy clustering and galaxy-galaxy lensing information from sources
in four redshift-bins and lenses from the first four redshift-bins of the MagLim sample [59].
The corresponding covariance matrix is obtained analytically as described and validated in
ref. [60]. We use the same scale-cuts as in the DES Y3 ΛCDM baseline analysis [61] and
model the nonlinear power spectrum with HMcode2020 [62]. We use the official DES-pipeline,
CosmoSIS,5 in which we substitute the computation of linear and nonlinear matter power
spectra with an emulator, HMcode2020-emulator,6 trained with cosmopower7 [63]. We use
the pipeline developed for the joint spectroscopic and photometric analysis from ref. [31].

Planck+DESI+DESY5SN. Finally, we repeat DESI DR2 BAO analysis [64] in com-
bination with the CMB (Planck 2018 low-ℓ TT and EE, CamSpec TT/TE/EE, and PR4
lensing [65]) and DES Y5 SN [66] using publicly available likelihoods in Cobaya.8 The
constraints we obtain are in good agreement with the official DESI results from ref. [64]. The
purpose of repeating this analysis is to plot the corresponding posteriors for the evolving dark
energy parameters together with the results of our Stage III LSS-only analysis in figure 8.

3 Prior-volume effects in full-shape analysis

In our modelling of the power spectrum multipoles we follow a prescription analogous to
the one of ref. [67], but employ the independent implementation in the PBJ code. The
latter has been extensively validated on N-body simulations in ΛCDM [68–72]. Below we
outline the key components relevant for the discussion on projection effects, but refer to
refs. [19, 23] for a more detailed description. The one-loop EFTofLSS galaxy power spectrum
at a fixed redshift can be written as

Pgg(k, µ) = PSPT(k) + Pctr(k) + Pstoch(k) . (3.1)

The first term is a standard perturbation theory one-loop power spectrum with the redshift
space kernels from ref. [73] and integrals of the linear power spectrum, PL, with various
powers and combinations of galaxy bias parameters — b1, b2, bG2 , bΓ3 [74, 75]. The term
important for our discussion is

PbΓ3
(k, µ) = bΓ3(b1 + fµ2)P13(k, µ) , (3.2)

where P13 is a loop-correction integral proportional to P 2
L , µ is the cosine of the angle between

the wavevector k and the line of sight, f is the growth rate. The second term from eq. (3.1)
is the EFTofLSS counterterm contribution:

Pctr(k, µ) = − 2c̃0k2PL(k) − 2c̃2k2fµ2PL(k) − 2c̃4k2f2µ4PL(k)
+ c∇4δk4f4µ4(b1 + fµ2)2PL(k) . (3.3)

5https://github.com/joezuntz/cosmosis-standard-library
6https://github.com/MariaTsedrik/HMcode2020Emu
7https://github.com/alessiospuriomancini/cosmopower
8https://github.com/CobayaSampler/cobaya
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Following ref. [67], we re-define the k2-counterterm parameters (c̃0, c̃2, c̃4) in order to have
separate contributions to each multipole. Lastly, the third term from eq. (3.1) contains
the shot-noise contribution:

Pstoch(k, µ) = N + e0k2 + e2k2µ2 , (3.4)

where N is a constant that includes deviations from pure Poisson shot noise, and we have
two additional scale-dependent terms with e0 and e2 in units of (Mpc h−1)2. We include the
impact of the fiducial cosmology assumed when converting redshifts to distances in the data
by correcting (k, µ) with AP distortions and re-scale Pgg with the AP amplitude [37]. The
AP amplitude, AAP is a function of redshift and background cosmology:

AAP(z) =
(

Hfid
0

H0

)3
H(z)

Hfid(z)

(
Dfid

A (z)
DA(z)

)2

(3.5)

with H0 being the Hubble factor today, DA the angular diameter distance, and the superscript
fid referring to quantities evaluated in the fiducial cosmology. Finally, we project the anisotropic
power spectrum to multipoles, Pl(k), with Legendre polynomials.

To accelerate the convergence of MCMC chains, we perform analytical marginalisation of
nuisance parameters that appear linearly in the model (counterterms, shot-noise and the third
order bias parameter) [12, 16]. We separate the power spectrum multipoles into analytically
non-marginalised (nm) and marginalised (m) parts:

Pl(k) = P nm
l (k) +

∑
i

nm
i P m

i,l (k) , (3.6)

where the nuisance parameters with superscript “m” appear linearly in the model and have
Gaussian priors. For a Gaussian likelihood this allows us to solve the posterior integral over
nm

i analytically. The resulting marginalised log-posterior is a function of cosmological and
non-marginalised nuisance parameters (Ω, nnm) and proportional to

χ2
m(Ω, nnm) = χ2

∗(Ω, nnm) + ln det F2(Ω, nnm) + const. (3.7)

The first term on the r.h.s. is what we call the “profile likelihood”, while the second term
is called the Laplace term (see ref. [22] for details). They are given by

χ2
∗ = F0 − F1,iF

−1
2,ijF1,j , (3.8)

F0 = ∆lCov−1
ll′ ∆l′ + µiC−1

ij µj , (3.9)

F1,i = −P m
i,lCov−1

ll′ ∆l′ + C−1
ij µj , (3.10)

F2,ij = P m
i,lCov−1

ll′ P m
j,l′ + C−1

ij (3.11)

with ∆l(k) = P nm
l (k) − Dl(k) being the difference of the non-marginalised part of the

theoretical prediction with respect to the data, Cov being the covariance matrix for the data,
and Cij being the covariance for any possible Gaussian priors on nuisance parameters, with
means µi. For flat priors on nuisance parameters C−1

ij = 0. The Laplace term is responsible
for the prior-volume effects: the volume in the nuisance parameter space when integrated
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over fixed (Ω, nnm). In other words, this term corresponds to the shift in the maximum of the
marginalised distribution with respect to the maximum of the full distribution, because the
process of marginalisation favours regions of parameter space that cover a larger volume of the
probability density in the direction of integration. Improving the measurements (i.e. shrinking
the covariance), or imposing informative priors on parameters makes the profile likelihood
term larger and less sensitive to shifts due to the Laplace term. Note that applying Jeffreys
priors on analytically marginalised parameters results in the cancellation of the Laplace term.
In that case, instead of the Gaussian priors and Cij in the analytically marginalised nuisance
parameters, one applies Jeffreys priors ∝

√
|F (nm)| dependent on the Fisher information

matrix, F . The Fisher matrix for these parameters is equivalent to the first term on the r.h.s.
of eq. (3.11), hence leading to the total cancellation of the Laplace term in the marginalised
posterior distribution. In that scenario, prior-volume effects due to the parameters appearing
linearly in the model are fully mitigated.

Many of the nuisance parameters of the EFTofLSS model are degenerate with other
amplitudes that depend on cosmological parameters. A clear case is that of counterterms
in eq. (3.3), Pctr ∼ ck2PL, with PL scaling like As (or σ2

8). In general, this can be written
as Pctr = αf(k) where f(k) controls only the scale dependence of the counterterm, while α

accounts for its overall amplitude and in the current example can be written as α = cAs. It
is clear that the model and the corresponding likelihood can only depend on the combination
α and therefore that is the only parameter that gets directly constrained, while c can only
be measured with knowledge of the amplitude, As. Providing a particular prior on c can
therefore provide information that is not obvious from a first glance. To see this, let us look
at the infinitesimal posterior probability in the case where only c and As are varied:

dP = dc dAsL(As, c) , (3.12)

where we assume a flat prior on both parameters. Instead of marginalising over c, let us
first change variables from c to α:

dP = dα dAs
1

As
L(As, α) = d∆α dAs

1
As

L1(As)L2(∆α) . (3.13)

In this form, it is possible to separate the dependence on the amplitude from the dependence
on ∆α = α − α∗, the difference of α with respect to its best-fit value. Marginalisation over
∆α is then straightforward and will not affect the distribution of As further. This is the
only form which allows us to make this separation and clearly identify the contributions
from the likelihood, while extracting the effective prior on As that has been imposed by the
original choice of a flat prior in terms of c. We see now more transparently that this flat
prior is informative giving a prior in the form 1/As (eq. (3.13)). This provides a preference
for low values of the amplitude with which the nuisance parameter is degenerate, generating
prior volume effects. It is also clear from this construction that the effect adds up with every
additional free nuisance parameter that is degenerate with the same amplitude, giving rise
to the large powers of As in the prior, which correspond to those in the Laplace term, as
shown in the left panel of figure 2 (solid lines).

This argument applies more generally, affecting any other parameter that enters an
amplitude that is degenerate with a nuisance parameter in this way. Another example is
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Figure 2. Illustration of the Laplace term’s dependence on two amplitude-controlling parameters,
primordial amplitude As and AP amplitude AAP. The computation is done with the synthetic data
for BOSS northern sky cuts (NGC) at two redshifts, z1 = 0.38 and z3 = 0.61. Cosmological and
non-analytically marginalised nuisance parameters, (Ω, nnm), are fixed to their fiducial values. Left:
only the Fisher part of F2 without noise-contribution. Dashed lines after the re-parametrisation
bΓ3 → A2

sbΓ3 and ci → Asci with i ∈ {0, 2, 4, ∇4δ}. Right: only the Fisher part of F2 with noise-terms.
Dashed lines after the re-parametrisation ni → AAPni with ni ∈ {bΓ3 , c0, c2, c4, c∇4δ, N, e0, e2}.

the amplitude factor due to the AP effect, which multiplies counterterms and stochastic
parameters in the same way. As before, setting flat priors for those nuisance parameters
introduces additional information on this AP amplitude that causes the posterior to prefer
lower values of AAP (see the right panel of figure 2) and leading to further informative
priors on the parameters on which it depends: Ωm or ωc − ωb − h and the equation of
state for dark energy w(a).

In the examples above, we identified amplitudes (As, σ2
8 and AAP) which impact the

terms in question (e.g., the counterterms) at all scales. In this case, eliminating projection
effects in those amplitudes via re-parametrisation or via Jeffreys priors is identical: both
approaches make the difference between the marginalised posterior and the profile-likelihood
term in eq. (3.7) amplitude-independent. For other parameters, such as Ωm (see figure 6
in ref. [76]), their scale-dependent impact on the power spectrum implies that determining
the best amplitude to re-parametrise becomes more complex. The analogous to α = cAs
from the paragraph above, would replace As with the best-measured amplitude at the scales
measured by the particular experiment. We argue below for motivated combinations of
σ8 and AAP that correspond to this for each parameter in question, but a more precise
method would be to use information on uncertainties of the measurements at different scales
to determine this amplitude. This information, i.e. the covariance matrix of the data, is
by construction included in Jeffreys priors via the Fisher matrix. Therefore, the Jeffreys
priors approach is fundamentally a more nuanced yet experiment-dependent way to eliminate
projection effects, being equivalent to some more complex re-parametrisation [77]. The re-
parametrisation of the amplitude-controlling parameters that we introduce here can be seen
as its sub-class or a first-order approximation that is independent of the specific experiment,
since the amplitudes we use are all found directly from the modelling and do not require
covariance information.

– 8 –
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Figure 3. Impact of the re-parametrisation on the Laplace term. The computation is done with the
synthetic data for the full set of BOSS multipoles. Cosmological and non-analytically marginalised
nuisance parameters, (Ω, nnm), are fixed to their fiducial values.

In beyond-ΛCDM cosmologies, extended parameters impact the evolution of structure
growth and expansion history, hence affecting the amplitude signal too. For extended cosmolo-
gies which only modify the growth of structure (e.g., modified gravity models with ΛCDM
background), imposing an informative prior on the primordial amplitude (e.g., from CMB
measurements) might be sufficient to resolve projection effects due to the degeneracy between
the extended parameters and As [23]. On the other hand, dark energy models modify the back-
ground expansion, opening an additional degeneracy direction and affecting the AP effect. In
this scenario the arising projection effects cannot be resolved by fixing the primordial amplitude
or re-parametrising nuisance parameters with As (or σ2

8). While these projections do become
slightly weaker with additional BAO information, they are not removed to a satisfying degree
yet (see figure 3 of ref. [32]). However, when we re-define nuisance parameters to incorporate all
contributions to the amplitude signal, including the AP-amplitude, we reduce the dependence
of the Laplace term on the degenerate parameters (see dashed lines in figure 2), and hence the
corresponding projection effects. As argued above, flat priors on the analytically marginalised
parameters introduce informative priors on the cosmological parameters contributing to the
AP effect. Let us demonstrate exactly that in figure 3. As we showed in the baseline analysis
in figure 1, variation of the evolving dark energy parameters on noiseless ΛCDM data leads to
strong biases in the expansion rate and dark energy parameters. When fixing all cosmological
and non-analytically marginalised parameters to their fiducial values and varying only w0 − h,
the “profile likelihood” term (or the log-posterior times minus two) evaluated at the best-fit
values of the analytically marginalised parameters (left panel) clearly dips around the fiducial
values. Nevertheless, the minimum of the overall sum from eq. (3.7) (i.e. the maximum of the
marginalised posterior) is strongly affected by the Laplace term (middle panel), which drags it
to lower values of w0 and higher values of h. This dependency is weakened when the amplitude-
impacting parameters get absorbed in the nuisance parameters that appear linearly in the mod-
elling (right panel). As per discussion above, in contrast to Jeffreys priors, this does not make
the Laplace term completely independent from the cosmological parameters in question. Nev-
ertheless, it still significantly decreases the sensitivity to them, which supports our statement
of the re-parametrisation being a first-order approximation of the Jeffreys priors approach.
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Additionally, figure 3 can be useful to visualise the impact of projection effects on the
width of the marginalised posteriors. If the contributions to the marginalised posterior
distribution coming from the profile-likelihood term and from the prior-volume term have
comparable significance and are in tension (i.e. they prefer different parts of the parameter
space), then their combination might result not only in shifts of the parameter estimates, but
also in tighter widths. In other words, the total marginalised posterior distribution has smaller
volume than in the Jeffreys priors or re-parametrisation approaches. This does not mean
that any information is lost when the re-parametrisation or Jeffreys priors are applied. On
the contrary, broader constraints in this case would indicate that no additional information is
imposed on the cosmological parameters by our choices in the nuisance parameters.

4 Re-parametrisation in full-shape analysis

4.1 BOSS DR12

After identifying and discussing the problem of projection effects in the previous section, we
now investigate different amplitude controlling parameters. In this section we study how
re-defining the nuisance parameters to take their impact into account mitigates the shifts
in the maxima of un-marginalised and marginalised posterior distributions. The amplitude
controlling parameters in question are the primordial amplitude As, the AP amplitude AAP
(dependent on the background modifying parameters), the growth factor D(z) (dependent on
the structure growth modifying parameters), and σ8 (a nonlinear function of all cosmological
parameters). In table 2 we summarise different options of re-defining or re-parametrising
nuisance parameters with the aforementioned amplitudes and the corresponding prior choices.
In the baseline analysis, the priors on nuisance parameters are informative and motivated
by the validity of the EFTofLSS approach [67, 78]. For instance, due to their perturbative
nature, priors on the galaxy bias parameters beyond the linear order are following the
Gaussian distribution centred at zero with standard deviation of one, i.e. O(1) values. We
use a nonlinear scale kNL = 0.45 h/Mpc and we assume an inverse number density of
n̄−1 = 3500 (Mpc/h)3 for the z1 = 0.38 bin and n̄−1 = 5000 (Mpc/h)3 for the z3 = 0.61
bin. Hence, all shot noise nuisance parameters have consistent priors of the same order of
magnitude to characterise deviations from the Poisson noise prediction, i.e. the inverse of the
number density. Similarly to scale-dependent shot-noise, in units of the nonlinear scale, the
counterterms are expected to be of O(1). However, the large values of velocity dispersion
found in the BOSS sample [42] imply that the nonlinear scale for counterterms might be
larger according to ref. [67]. This explains the choice of broad standard deviations in the
quadratic and quartic countertems priors. In ref. [72] we also observed large uncertainties
on counterterms with high precision numerical simulations. In general, since counterterms
absorb astrophysical and other higher-order effects from smaller scales, it is difficult to derive
highly informative priors from theory or numerical simulations not tailored to the actual
observations. Yet it is possible to impose stricter priors from bespoke simulated galaxy
catalogues based on halo occupation distribution (HOD) model [29, 30]. In this approach,
the underlying galaxy-halo connection is linked to the EFTofLSS nuisance parameters, which
results in physically motivated priors for different galaxy samples. However, it relies on
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baseline re-parametrisation
parameter prior parameter prior

b1 [0, 4] b1 [0, 4]
b2 N (0, 1) b2 N (0, 1)
bG2 N (0, 1) bG2 N (0, 1)
bΓ3 N (0, 1) bΓ3AAP × {1, Ã2

s , Ã2
s,z, σ4

8,z} N (0, {1, 3, 2, 1})

c0 N (0, 30) c0AAP × {1, Ãs, Ãs,z, σ2
8,z} N (0, {30, 90, 60, 30})

c2 N (30, 30) c2AAP × {1, Ãs, Ãs,z, σ2
8,z} N ({30, 60, 37.5, 15}, {30, 90, 60, 30})

c4 N (0, 30) c4AAP × {1, Ãs, Ãs,z, σ2
8,z} N (0, {30, 90, 60, 30})

c∇4δ N (−103, 103) c∇4δAAP × {1, Ãs, Ãs,z, σ2
8,z} N (−103 · {1, 2, 1.25, 0.5}, {1, 3, 2, 1} · 103)

N N
(

1
n̄ , 2

n̄

)
NAAP N

(
1
n̄ , 2

n̄

)
e0 N

(
0, 2

n̄k2
NL

)
e0AAP N

(
0, 2

n̄k2
NL

)
e2 N

(
0, 2

n̄k2
NL

)
e2AAP N

(
0, 2

n̄k2
NL

)

Table 2. Setup for runs from figure 4, where Ãs = As × 109, Ãs,z = D2(z)/D2
ΛCDM(0) × As × 109,

σ8,z = D(z)/D(0)σ8. The horizontal line separates analytically marginalised parameters. Normal
distributions follow linear transformation: for Xbaseline ∼ N (µ, σ), if Yre-parametrisation = aXbaseline
then Yre-parametrisation ∼ N (aµ, aσ). We shift the means of the nuisance parameter priors with the
rescaled fiducial values of the absorbed amplitude parameters: AAP,fid = 1, Ãs,fid ≈ 2.1, Ãs,z,fid ≈ 1.25,
σ2

8,z,fid ≈ 0.4. We increase the variance of the new normal distributions by a factor of 2 (for re-scaling
with Ãs,z) and 3 (for re-scaling with Ãs) to take into account values of the primordial amplitude
allowed by the prior ranges in cosmological parameters.

available numerical simulations, which might insufficiently represent cosmological dependence
or potentially introduce other systematic biases. For a sufficiently accurate mapping of
HOD-to-EFTofLSS parameter spaces, immense number of fits must be performed, making
this approach computationally expensive. Finally, matching HOD parameter space to the
actual measurements is a highly non-trivial task [79–81].

In figure 4 we investigate the impact of the re-parametrisation scenarios of the analytically
marginalised nuisance parameters on the noiseless BOSS DR12 synthetic data, for which the
fiducial underlying cosmology is known. First, we see that absorbing the AP amplitude alone
(in yellow) already brings the degenerate trio of h − w0 − wa closer to their fiducial values.
Second, addition of the primordial amplitude parameter (in green) improves the degeneracy
As − h − ωc. Finally, addition of a redshift dependent components to the power spectrum
amplitude, i.e. multiplication with the growth factor squared of As and σ2

8 (in orange and
pink, respectively) broadens the h − w0 − wa constraints. For the rest of our analysis in this
paper we choose the re-parametrisation of the analytically marginalised parameters with the
time-dependent σ2

8 and the AP amplitude (pink contours). We base this decision not on the
better performance of this particular re-parametrisation in the synthetic data tests, but on
the fact that it captures the amplitude signal at varying redshifts Pℓ ∝ AAP(z)σ2(z)f(z, k)
in a more physically motivated way than Pℓ ∝ AAP(z)D2(z)Asf(z, k). Additionally, this
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Figure 4. Different re-parametrisations of the EFTofLSS nuisance parameters and their impact on
cosmological constraints demonstrated on synthetic data. Left panel: marginalised posterior distri-
bution for the cosmological parameters in the w0waCDM cosmology and the five re-parametrisation
choices, as detailed in the legend (see table 2). Grey solid lines mark the fiducial values of the noiseless
synthetic data from a fit on the BOSS DR12 multipoles in a ΛCDM scenario. Right panel: errorbars
correspond to 68% c.l. of 1D marginalised constraints on cosmological parameters from the left panel.

re-parametrisation also proves to be more stable to the increasing prior volume due to slightly
changing the degeneracy in the As − h − ωc direction, since σ8 is a nonlinear function of these
parameters. For more details on prior-dependence see appendix B.

In figure 4 we also show the baseline analysis with the Laplace term removed via partial
Jeffreys priors (dashed blue lines). Parameters h and As, as well as w0 and wa recover the
fiducial values correctly, without the previously observed biases in the baseline analysis (solid
blue lines). There is a ∼ 1σ bias in ωc with respect to the fiducial value. The fact that it is
not present with the re-parametrisation is possibly coincidental. As argued in section 3, with
the re-parametrisation we do not make the Laplace term completely cosmology-independent,
hence the residual projection effects from the analytically marginalised nuisance parameters
can impact or even cancel out other intrinsic non-Gaussianities of the posterior. Overall,
the fiducial cosmological parameters are always recovered within 1σ with Jeffreys priors
and our chosen re-parametrisation approach. In both approaches the constraints on the
evolving dark energy parameters are wider than in the baseline analysis. This demonstrates
the additional consequence of projection effects discussed in the last paragraph of section 3 —
constraints typically appear narrower when strong projection effects exist, but are broader
when spurious information is removed.

In appendix A, we investigate versions of a “full” re-parametrisation, which includes
absorbing power spectrum amplitude parameters into the galaxy bias parameters (b1, b2, bG2)
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as well. The results are very similar to the simpler re-parametrisation applied only to
analytically marginalised parameters. Hence, we focus on the re-parametrisation of the
parameters that appear linearly in the modelling. Another reason for this choice is to
directly compare it with the Jeffreys prior approach, that in the cases shown here are only
applied to linear parameters. Both approaches are easy to implement and able to mitigate
prior-volume effects to a similar degree (especially for Stage IV surveys, as we argue in
section 4.2). In contrast to Jeffreys priors, the re-parametrisation is independent from the
particular experiment being conducted, since it is fully based on the modelling and does
not depend on the covariance.

In figure 5, we show constraints on the real BOSS DR12 data, with the re-parametrisation
and Jeffreys priors on the analytically marginalised parameters. The corresponding values
of the posterior average and MAP are provided in table 3. Analogously to the synthetic
data tests, we observe a 1σ-difference in ωc between the approaches — both in ΛCDM and
w0waCDM. The constraints on the primordial amplitude agree between both approaches
in both dark energy scenarios. They are also in better agreement with the Planck values
of ln (1010As) [51] than obtained in the baseline analysis (see figure 1). Constraints of the
expansion rate are nearly identical in standard cosmology between both approaches. They
change when the parameter space is extended to include evolving dark energy parameters.
We observe a similar picture as in figure 4: h-estimate is tighter with Jeffreys priors, wa is
weakly constrained, there is a 0.8σ difference for marginalised means in w0 between the re-
parametrisation and Jeffreys priors. Overall, both approaches agree in inferred constraints on
cosmological parameters and significantly reduce projection effects between the expansion rate
and evolving dark energy parameters. The reduction in projection effects is also evident from
the fact that cosmological parameters corresponding to the maximum of the un-marginalised
posterior (values in the parenthesis, obtained with minuit) are close to the maxima of the
marginalised posteriors in figure 4. This was not the case in previous analyses with the
baseline setup (see refs. [19, 31]). Also note that when the cosmological background changes
from ΛCDM to w0waCDM, the central values in cosmological parameters remain unchanged
within the errors, both with the re-parametrisation and Jeffreys priors. Additionally, we
see very little evidence for the σ8- or S8-tension with respect to CMB measurements (see
table 3): e.g., S8 = 0.832 ± 0.013 in ΛCDM of Planck 2018 [51]. This consistency between
CMB and LSS values of S8 holds true for standard cosmology and evolving dark energy,
and agrees with the findings of DESI for DR1 FS [82] as well as with the recent results
from KiDS-Legacy data [83].

4.2 Stage IV surveys

In this section we repeat the analysis on synthetic data for a DESI DR1-like setup. We
re-run our analysis re-scaling the priors on the analytically marginalised parameters as
N (Afidµ, Afidσ) and show results in figure 6. For the re-scaling with the AP amplitude, we
use Afid = 1, while for the re-scaling with σ8, we have Afid = σ2

8,z,fid. The latter is slightly less
conservative than in the same re-parametrisation for BOSS data, since it decreases the size of
the priors on the analytically marginalised parameters taking the re-scaling into account. Of
course, this DESI-like setup is an over-simplification of the actual DR1 setup, which includes
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Figure 5. BOSS DR12 FS constraints with the re-parametrisation and Jeffreys priors of the
analytically marginalised parameters in the standard cosmology and evolving dark energy. Grey solid
lines denote the ΛCDM limit with w0 = −1 and wa = 0.

re-parametrisation Jeffreys priors
ΛCDM w0waCDM ΛCDM w0waCDM

ωc 0.121+0.008
−0.009 (0.124) 0.121+0.008

−0.010 (0.122) 0.131+0.008
−0.009 (0.128) 0.131+0.008

−0.009 (0.126)
h 0.679+0.013

−0.014 (0.676) 0.690+0.034
−0.048 (0.673) 0.682 ± 0.014 (0.681) 0.663+0.025

−0.037 (0.649)
ln(1010As) 2.98 ± 0.15 (2.92) 3.00+0.25

−0.28 (3.25) 2.88 ± 0.15 (2.93) 2.94+0.22
−0.27 (3.16)

w0 −1 −1.08 ± 0.33 (−1.12) −1 −0.77+0.43
−0.16 (−0.81)

wa 0 0.16+1.20
−0.55 (0.96) 0 −0.72+1.30

−0.99 (0.03)
σ8 0.783 ± 0.050 (0.770) 0.784 ± 0.053 (0.797) 0.785+0.048

−0.054 (0.798) 0.788+0.055
−0.064 (0.829)

S8 0.798 ± 0.054 (0.798) 0.791+0.068
−0.077 (0.824) 0.825 ± 0.056 (0.832) 0.854 ± 0.081 (0.900)

Table 3. Mean values and 68% c.l. values for ΛCDM and evolving dark energy with fixed neutrino
mass Mν = 0.06 eV for the FS analysis of BOSS data, using the re-parametrisation and Jeffreys
priors on analytically marginalised parameters. We do not show constraints on ns and ωb as they
are completely prior-dominated. We add the maximum values of the un-marginalised posterior in
parentheses, and include derived constraints on σ8 and S8.
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Figure 6. Constraining evolving dark energy with synthetic DESI DR1-like data using different FS
analysis choices, as specified in the legend (see table 5 and the main text for details on the nuisance
parameter priors). Left panel: marginalised posterior distribution for cosmological parameters with
the fiducial ΛCDM cosmology. Right panel: similar to the left panel but with the fiducial w0waCDM
cosmology. Grey solid lines mark the fiducial values of the noiseless synthetic data.

more redshift bins and a non-Gaussian covariance. However, this proof of concept resembles
the official DESI findings [32] in the baseline analysis. It also shows how robustly our simple
re-parametrisation works and effectively re-creates the impact of Jeffreys priors. Additionally,
it demonstrates that for measurements with projections less severe than in BOSS for ωc − As,
re-scaling with the AP-amplitude might suffice to mitigate w0 − wa − h projection effects.
Finally, to avoid any bias towards the standard cosmology due to the synthetic data-vectors
setup, we demonstrate that our re-parametrisation approach works well for a fiducial evolving
dark energy scenario too. In this case we set fiducial values for the dark energy parameters to
w0 = −0.42 and wa = −1.75, the central values for the deviation from the standard cosmology
found in the DESI DR2 BAO+CMB analysis [64]. In the right panel of figure 6, we again
observe an effective mitigation of the projection effects with the re-parametrisation.

5 BOSS DR12 full-shape and other probes

5.1 BAO

After developing and assessing the re-parametrisation approach in the FS analysis, we
proceed with constraining evolving dark energy exclusively with pre-DESI LSS probes. First,
we contemplate the question whether a FS analysis adds any information on background
parameters compared to BAO alone. For this we take four α’s from the same sky-cuts as our
multipoles and fit background parameters keeping the BBN prior on the baryonic density. It
is evident from figure 7 that constraints on w0 − wa are not purely driven by the information
in BAO for BOSS, but FS adds constraining power. The FS analysis provides an additional
channel to extract information on Ωm, which is relevant for the degeneracies between the
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Figure 7. Constraining the evolving dark energy parameters with BOSS DR12 probes: BAO and
FS alone (left panel) and together with their combination (right panel). Grey dashed lines mark the
ΛCDM limit, black dashed lines denote the condition w0 + wa < 0.

evolving dark energy and background evolution parameters. With mitigated projection effects,
not only does FS slightly change the degeneracy direction in w0 − wa, but also improves
constraints on the time-evolving component wa. This is significant for the BOSS setup, as
it contains only two redshift bins z1 = 0.38 and z3 = 0.61: i.e. two degrees of freedom in
w(z) per two redshifts. It might be interesting to asses the contribution of FS to the BAO
constraints of the evolving dark energy parameters in the DESI setup. There, BAO- and
FS-measurements span a much broader range of redshifts and the precision of measurements
is also significantly improved with respect to BOSS.

5.2 External large-scale structure probes: BAO and DES Y3

After highlighting the value of adding FS information to a BAO-only analysis, we also
combine with additional external probes. The resulting constraints on evolving dark energy
are shown in figure 8, while numerical values are provided in table 4. The addition of
external BAO measurements from lower and higher redshifts than BOSS starts shifting the
contours to the parameter space preferred by DESI (central panel of figure 8). This happens
only if the higher redshift BAO measurements are included in the analysis, providing an
anchor in the time evolution. For discussions on the evolving dark energy signatures in
DESI see, e.g., refs. [84–89].

Lastly, we combine Stage III spectroscopic probes with photometric measurements
from DES Y3 (left panel of figure 8). Note a similar behaviour in the right panel of fig-
ure 14 in DESI DR2 BAO analysis [64]: there the authors replace the CMB with the
DES Y3 information, to obtain a constraint coming entirely from low-redshift LSS probes.
They also observe that this combination favours the same region of parameter space. For
comparison we include contours for a repeated DESI analysis, which in the official col-
laboration paper constrains evolving dark energy parameters to w0 = −0.752 ± 0.057,
wa = −0.86+0.23

−0.20 (DESI DR2 BAO+CMB+DESY5) [64]. DESI DR1 FS analysis required
inclusion of SN, obtaining similar constraints: w0 = −0.761 ± 0.065, wa = −1.02+0.3

−0.26
(DESI DR1 FS+BAO+CMB+DESY5) [82]. These values remain nearly unchanged if one
substitutes DESI DR1 FS with BOSS/eBOSS BAO measurements: w0 = −0.761 ± 0.064,
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Figure 8. Constraining the evolving dark energy parameters with BOSS and external probes: BOSS
DR12 FS+BAO (left panel in blue), BOSS and external BAO measurements (middle panel in pink),
BOSS and external BAO with the photometric probes from DES Y3 (right panel in green). For
comparison, the orange contours presents constraints from DESI DR2 BAO with the CMB and SN from
DES Y5. Grey dashed lines mark the ΛCDM limit, black dashed lines denote the condition w0+wa < 0.

BOSS BAO BOSS FS+BAO BOSS+extBAO BOSS+extBAO+DES
ωc 0.249+0.073

−0.053 (0.280) 0.121+0.008
−0.010 (0.122) 0.116+0.007

−0.009 (0.117) 0.119+0.005
−0.006 (0.120)

h 0.800+0.071
−0.026 (0.87) 0.688+0.030

−0.035 (0.673) 0.660+0.021
−0.028 (0.648) 0.659+0.019

−0.023 (0.647)
ln(1010As) - 3.03+0.20

−0.24 (3.05) 3.05 ± 0.18 (3.02) 2.99 ± 0.10 (2.99)
w0 −1.34+0.33

−0.47 (−1.9) −1.06+0.23
−0.31 (−1.02) −0.80 ± 0.24 (−0.68) −0.72 ± 0.21 (−0.64)

wa < 0.169 (−0.8) 0.22+1.10
−0.46 (0.44) −0.63+0.92

−0.72 (−0.90) −0.91+0.78
−0.64 (−1.03)

σ8 - 0.786 ± 0.049 (0.783) 0.777 ± 0.048 (0.768) 0.773 ± 0.023 (0.765)
S8 - 0.793 ± 0.058 (0.809) 0.801 ± 0.055 (0.810) 0.809 ± 0.016 (0.818)

Table 4. Mean values and 68% c.l. values for the w0waCDM cosmology with fixed neutrino mass
Mν = 0.06 eV for BOSS BAO (with the upper bound on wa referring to the 68% limit), FS+BAO
with BOSS, their combination with external BAO measurements, as well as with DES Y3 3 × 2 pt
analysis. We show the best-fit values in parentheses, and include derived constraints on σ8 and S8.

wa = −0.88+0.29
−0.25 (DESI DR1 BAO + SDSS BAO + CMB + DESY5) [90]. Our purely

Stage III LSS driven constraints,

w0 = −0.72 ± 0.21
wa = −0.91+0.78

−0.64

}
BOSS+extBAO+DESY3, (5.1)

are in good agreement with DESI results, hinting at a potential deviation from standard
cosmology but with larger uncertainties and less significance.

Moreover, similar to our previous work [31], we advocate for the joint analysis of spec-
troscopic and photometric probes: FS+BAO+3×2 pt. This combination provides a level of
constraining power comparable to the addition of CMB information to the spectroscopic anal-
ysis. For instance, in ref. [91] the authors find constraints similar to ours of w0 = −0.72+0.09

−0.11
and wa = −0.91+0.42

−0.33 for smooth quintessence, i.e. evolving dark energy without clustering.
They use a similar set of probes: BOSS DR12 EFTofLSS baseline FS and bispectrum (which
presumably mitigates projections) at one-loop level, with external BAO (nearly the same as
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ours, the high redshift ones are eBOSS DR14 instead of DR16), and Planck instead of DES
Y3. Last but not least, a comparison to the official BOSS DR12 results: with the inclusion of
CMB information from Planck, FS+BAO (with no extBAO) constrain w0 = −0.68 ± 0.18
and wa = −0.98 ± 0.53 [92]. Note that FS in this case is not the EFTofLSS approach of
fitting the multipoles, but a compression of the multipoles and clustering wedges statistics,
in configuration and Fourier space, into the following properties [93–96]: DM(z)/rd, H(z)rd,
f(z)σ8(z). These different approaches are later combined in a consensus set and then used
in the analysis. Additionally, in this analysis no projection effects were observed, as the
different methodologies applied to BOSS data resulted in posteriors that were well described
by Gaussian multivariate distributions. The redshift binning is also different: it includes
an additional intermediate z-bin, z2 = 0.51. Agreement with these Stage III constraints,
while not manifesting a significant deviation from ΛCDM, showcases a successful application
of our re-parametrisation in FS analysis.

6 Conclusion

The goal of this paper is two-fold: (1) to present a simple re-parametrisation approach
for the EFTofLSS full-shape analysis to mitigate projection effects, and (2) to apply this
method in combination with other external probes from Stage III large-scale low-redshift
measurements (pre-DESI). First, we pedagogically introduced projection or prior-volume
effects. These effects manifest themselves through shifts in the marginalised posterior maxima
from the corresponding best-fit values of the un-marginalised posterior. In general, they
affect any non-Gaussian multi-dimensional posterior distribution that is compressed into a
lower dimensional parameter space. In case of the full-shape approach this comes from the
degeneracy between cosmological, extended (beyond-ΛCDM) and the EFTofLSS nuisance
parameters — all of them affecting the amplitude of the measured power spectrum multipoles.
We introduce a re-parameterisation of the EFTofLSS nuisance parameters with the amplitudes
AAPσ2

8,z (the Alcock-Paczynski amplitude times the variance of the density field, smoothed
within 8 Mpc h−1 and re-scaled with the time-dependent growth factor), and show it weakens
the impact of projection effects. We tested this approach on synthetic noiseless data generated
for BOSS DR12 and DESI DR1 setups in the evolving dark energy scenario, w0waCDM. For
both setups, we compared the performance of the re-parametrisation to an alternative method
of mitigating projection effects — Jeffreys priors. Imposing such priors and re-parametrising
the same set of the nuisance parameters, both approaches showed a good level of agreement.
The advantages of the re-parametrisation approach: it is simple to implement and interpret,
straightforward to extend to nuisance parameters which appear nonlinearly in the model, and
is independent from the particular experiment because it is fully based on the modelling and
does not depend on the covariance. It also allows the use of priors on nuisance parameters
motivated by the validity of the EFTofLSS with caution to our limited understanding of
astrophysical and nonlinear effects. Beyond the purely frequentist approach (for instance, see
the recent ref. [97]), the re-parametrisation is one of the simplest ways to measure evolving
dark energy with mitigated prior-volume effects in the Bayesian framework.

In the second half of the paper, we focused on constraining evolving dark energy with Stage
III publicly available data: BOSS DR12 (power spectrum multipoles and BAO), external
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BAO measurements (from 6DF, SDSS DR7 MGC and eBOSS DR16 surveys), and the 3×2 pt
correlation functions of DES Y3. We found that, for BOSS data, the full-shape analysis
with the re-parametrisation adds information on dark energy parameters with respect to
the BAO-only analysis. We also found that adding BAO information from redshifts higher
than those covered by BOSS drives the constraints into the parameter region preferred by
DESI, namely w0 > −1 and wa < 0. Finally, when combining all probes together under the
application of the re-parametrisation in the full-shape analysis, we obtained the following
constraints of the evolving dark energy parameters: w0 = −0.72 ± 0.21 and wa = −0.91+0.78

−0.64.
To our knowledge, these are the first purely large-scale structure pre-DESI constraints in
the w0waCDM cosmology. They are also in good agreement with the official BOSS DR12
results [92] and a recent analysis with the one-loop bispectrum [91] — both analyses include
CMB information from Planck instead of the 3 × 2 pt correlation functions of DES Y3.
Although our constraints do not indicate a significant deviation from ΛCDM, they still
demonstrate robustness of our re-parametrisation and potential of exclusively late-time
Universe constraints.

The methods and findings of this study are important for forthcoming beyond-ΛCDM
analyses by Stage IV surveys like DESI, Euclid, Rubin, and their combinations.

A Full re-parametrisation

In a full re-parametrisation of the EFTofLSS nuisance parameters, not analytically
marginalised galaxy bias parameters also re-absorb an amplitude parameter. Similar to
DESI’s approach, we obtain b1 → b1σ8,z and b2,G2 → b2,G2σ2

8,z. To take the AP-amplitude into
account (e.g., in term like b2

1AAPPL) we add a square-root of it to the newly defined galaxy
bias parameters. Note that we have various powers of these galaxy bias parameters in the
model. Hence, the cancellation of the amplitude-controlling parameters will not be as straight-
forward as in the case of the analytically marginalised parameters, which appear only linearly
in the EFTofLSS. We also note that in the analytically marginalised part we have certain
terms multiplied with the Kaiser term, i.e. bΓ3(b1 +fµ2)P13 and c∇4δ(b1 +fµ2)2PL. Therefore,
we distinguish between two full re-parametrisation approaches: (a) one where the Kaiser
term is taken into account, i.e. only the leading order terms, bΓ3b1AAPP 2

L and c∇4δb2
1AAPPL,

are multiplied with the amplitude; (b) one where we use the same re-parametrisation of the
analytically marginalised parameters as before in table 2. All options are summarised in
table 5. The results from synthetic BOSS data are shown in figure 9. The priors applied
in the analyses for each option in figure 9 are identical to the AAPσ2

8,z re-parametrisation
analysis from table 2. We see that all approaches are consistent between each other. The
best agreement with the fiducial cosmology is reached by the full re-parametrisation in which
the AP-amplitude is absorbed in all nuisance parameters and the analytically marginalised
parameters are treated in the same way as presented in table 2. Additionally, in the next
section we demonstrate stability of this re-parametrisation to changes of the prior-volume.

B Prior-dependence

In appendix of ref. [19], the authors demonstrate a strong dependence of cosmological
constraints on the size of the EFTofLSS priors. We repeatedly vary the size of the Gaussian
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“Kaiser term” re-parametrisation “ignore Kaiser term” re-parametrisation
full+Kaiser full+Kaiser+AP full full+AP

b1σ8,z b1σ8,z

√
AAP b1σ8,z b1σ8,z

√
AAP

b2σ2
8,z b2σ2

8,z

√
AAP b2σ2

8,z b2σ2
8,z

√
AAP

bG2σ2
8,z bG2σ2

8,z

√
AAP bG2σ2

8,z bG2σ2
8,z

√
AAP

bΓ3AAPσ3
8,z bΓ3

√
AAPσ3

8,z bΓ3AAPσ4
8,z bΓ3AAPσ4

8,z

c0AAPσ2
8,z c0AAPσ2

8,z c0AAPσ2
8,z c0AAPσ2

8,z

c2AAPσ2
8,z c2AAPσ2

8,z c2AAPσ2
8,z c2AAPσ2

8,z

c4AAPσ2
8,z c4AAPσ2

8,z c4AAPσ2
8,z c4AAPσ2

8,z

c∇4δAAP c∇4δ c∇4δAAPσ2
8,z c∇4δAAPσ2

8,z

NAAP NAAP NAAP NAAP

e0AAP e0AAP e0AAP e0AAP

e2AAP e2AAP e2AAP e2AAP

Table 5. Various options to re-parametrise the EFTofLSS nuisance parameters, both analytically
marginalised and sampled explicately (separated by the horizontal line).
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Figure 9. Different re-parametrisations of the EFTofLSS nuisance parameters and their impact on
cosmological constraints demonstrated on synthetic data. Left panel: marginalised posterior distri-
bution for the cosmological parameters in the w0waCDM cosmology and the five re-parametrisation
choices, as detailed in the legend (blue colour denotes the case of AAPσ2

8,z re-scaling of the analytically
marginalised parameters from table 2, other colours denote the options from table 5). Grey solid lines
mark the fiducial values of the noiseless synthetic data from a fit on the BOSS DR12 multipoles in
a ΛCDM scenario. Right panel: errorbars correspond to 68% c.l. of 1D marginalised constraints on
cosmological parameters from the left panel.
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Figure 10. Different size of priors of the EFTofLSS nuisance parameters and their impact on
cosmological constraints demonstrated on synthetic data. Left panel: re-parametrisation of the
analytically marginalised parameters. Right panel: full re-parametrisation (“full+AP” in figure 9),
same colour scheme as in the left panel. Legend: the short-hand notation for varying size of the
Gaussian priors includes N with the average µ and σ from the baseline analysis, Afid is the re-scaling
factor of the prior-means in the re-parametrisation with AAPσ2

8,z (see table 2), σan. marg. denotes
increased priors only in the analytically marginalised parameters, while σall denotes increased priors
in all nuisance parameters.

priors on the nuisance parameters in our re-parametrisation on the ΛCDM synthetic BOSS-
data here. The only difference with respect to ref. [19], is imposing a 10σPlanck prior on ns. In
figure 10 we demonstrate that the re-parametrisation with AAPσ2

8,z is nearly prior-independent.
One can see only slight shifts when priors on the analytically marginalised parameters are
increased. The only case of notable shifts is when priors on bG2 and b2 are increased 10
times: in w0 − h for the re-parametrisation of the analytically marginalised parameters and
in h − ln (1010As) for the full re-parametrisation. Both these scenarios correspond to fairly
unrealistic values for perturbative galaxy biases.
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