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We present a joint analysis of the Planck cosmic microwave background (CMB) and Baryon Oscil-

lation Spectroscopic Survey (BOSS) final data releases. A key novelty of our study is the use of a new

full-shape (FS) likelihood for the redshift-space galaxy power spectrum of the BOSS data, based on

an improved perturbation theory template. We show that the addition of the redshift space galaxy

clustering measurements breaks degeneracies present in the CMB data alone and tightens constraints

on cosmological parameters. Assuming the minimal ΛCDM cosmology with massive neutrinos, we

find the following late-Universe parameters: the Hubble constant H0 = 67.95+0.66
−0.52 km s−1Mpc−1,

the matter density fraction Ωm = 0.3079+0.0065
−0.0085 , the mass fluctuation amplitude σ8 = 0.8087+0.012

−0.0072 ,

and an upper limit on the sum of neutrino masses Mtot < 0.16 eV (95% CL). This can be con-

trasted with the Planck-only measurements: H0 = 67.14+1.3
−0.72 km s−1Mpc−1, Ωm = 0.3188+0.0091

−0.016 ,

σ8 = 0.8053+0.019
−0.0091 , andMtot < 0.26 eV (95% CL). Our bound on the sum of neutrino masses relaxes

once the hierarchy-dependent priors from the oscillation experiments are imposed. The addition of

the new FS likelihood also constrains the effective number of extra relativistic degrees of freedom,

Neff = 2.88± 0.17. Our study shows that the current FS and the pure baryon acoustic oscillation

data add a similar amount of information in combination with the Planck likelihood. We argue

that this is just a coincidence given the BOSS volume and efficiency of the current reconstruction

algorithms. In the era of future surveys FS will play a dominant role in cosmological parameter

measurements.

1. INTRODUCTION

Planck cosmic microwave background (CMB) data

have been the leading cosmological probe with un-

precedented measurement of cosmological parameters [1].

Powerful as it is, the CMB data possess some internal pa-

rameter degeneracies, which compromise the accuracy of

cosmological constraints, especially for non-minimal ex-

tensions of the base ΛCDM. A way to break some of

these degeneracies is to use additional information form

the large-scale structure (LSS) surveys. The most well-

known example is a combination of the Planck likelihood

with the geometric location of the baryon acoustic os-
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cillations (BAO) peak inferred from the galaxy correla-

tion function [2]. There are two major reasons why this

combination is often employed. First, the BAO peak is

relatively easy to measure and it is very robust against

various possible systematic effects of spectroscopic galaxy

surveys. Second, the reconstruction algorithms used to

“sharpen” the BAO feature exploit higher n-point corre-

lation functions of the nonlinear density field, which sig-

nificantly improves the measurement of the location of

the BAO peak [3–6]. This allows for an accurate and ro-

bust measurement of the BAO scale, which in turn breaks

degeneracies of the Planck likelihood [1, 2].

One important example where the BAO information

plays a notable role is the constraint on the sum of neu-

trino masses Mtot. Significant efforts from both particle

physics and cosmology confined this parameter to a nar-
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row range

0.06 eV < Mtot < 0.12 eV , (1)

where the upper bound is a 95% confidence interval from

observations of temperature and polarization fluctuations

in the CMB along with BAO in the distribution of differ-

ent tracers of matter [1], whereas the lower limit is given

by the flavor oscillations experiments1 [7]. Remarkably,

the combination of CMB and LSS data (e.g. [2, 8–13],

also see [14] and references therein) gives a much tighter

upper bound on the total neutrino mass than laboratory

experiments like KATRIN [15].

While this and other similar examples show the im-

portance of combining the BAO data with the CMB ob-

servations, the position of the BAO peak (including re-

construction) represents only a part of cosmological in-

formation encoded in the clustering pattern of galaxies

in redshift space. Complementary information is in the

broadband of the power spectrum (as well as higher n-

point functions). This information is naturally extracted

using the full-shape (FS) analysis. In this approach the

whole power spectrum is exploited and, unlike the BAO

measurement alone, all cosmological parameters can be

constrained independently of the CMB data [16–18].2

Remarkably, the FS information allows one to measure

the late-time matter density fraction Ωm to 3% and the

Hubble parameter H0 to 2% precision without the shape

and sound horizon priors from the CMB. These mea-

surements are not possible with the BAO and full-shape

studies that are based on scaling parameters (see [2, 20]).

The first goal of this paper is to combine the FS analysis

of the BOSS data presented in [16] with the Planck CMB

likelihood and measure the cosmological parameters.

Having BAO and FS analyses at hand, one immediate

question is to ask how do they compare. It is hard to give

a simple and intuitive answer for several reasons. On the

one hand, the reconstructed BAO feature is sharper, but

the broadband can be measured much better (the ampli-

tude of the BAO wiggles is a few percent of the broad-

1 Assuming the normal hierarchy (the three states satisfy the hi-

erarchy m1 ≲ m2 ≪ m3) and that one eigenstate has a zero

mass. Note that an upper bound in Eq. (1) was derived without

assuming the lower bound from oscillation experiments. This

point will be discussed in Sections 2 and 3.
2 Similar results were later re-obtained in Ref. [19] using the old

BOSS pipeline.

band). On the other hand, the broadband has no strong

features and its shape is uncertain due to the nonlinear

evolution and instrumental systematic effects. Yet, the

FS analysis does include the damped BAO wiggles, which

still contain significant information. Given all these dif-

ferences, the second goal of this paper is to answer the

following simple questions: (a) How do the cosmologi-

cal parameter measurements compare between the BAO

and the FS analyses of the BOSS data in combination

with the Planck likelihood? (b) How is this comparison

expected to look like for future spectroscopic surveys?

To achieve these goals we focus on two particular well-

motivated models for which the BAO or FS information

is expected to be the most relevant: ΛCDM with mas-

sive neutrinos and ΛCDM with both massive neutrinos

and extra relativistic degrees of freedom (parameterized

by their effective number Neff). These extensions of the

minimal ΛCDM model can be easily accommodated by

particle physics models which feature both sterile and

usual massive left-handed neutrinos (see [21, 22] for re-

views). Note that for other non-minimal models, e.g. dy-

namical dark energy, the FS power spectrum likelihood

is mostly saturated with the distance information [16],

and it is not expected to perform much better than the

BAO-only likelihood.

It is worth noting that the combined analyses of the

CMB and FS galaxy power spectrum have been already

performed several times [2, 9, 10, 23–26]. These analy-

ses were based on some approximate phenomenological

models for the non-linear power spectrum (or the cor-

relation function). Even though these models capture

the main qualitative effects of the non-linear clustering

and redshift-space distortions, their use can lead to sys-

tematic biases in the parameter inference. These biases

may be small given the errorbars of the BOSS survey,

but can become significant for the future high-precision

LSS surveys like Euclid [27] or DESI [28]. In this paper

we reanalyze the Planck and FS BOSS legacy data us-

ing the most advanced perturbation theory model that is

available to date.

Our theoretical model is an improved version of the

one-loop Eulerian perturbation theory, which includes

corrections that parametrize the effects of complicated

short-scale physics. These corrections can be consis-

tently taken into account within the effective field theory

framework [29, 30]. This model is described in detail in

Refs. [16, 17, 31–34]. The main difference with respect to
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previous studies is the implementation of infrared (IR)

resummation and the presence of the so-called “coun-

terterms.” IR resummation describes the non-linear evo-

lution of baryon acoustic oscillations, which was inde-

pendently formulated within several different but equiv-

alent frameworks [35–41]. The major novelties compared

to the previous models are: (i) The non-linear damp-

ing applies only to the oscillating (“wiggly”) part of

the matter power spectrum, (ii) It does not require any

fitting parameters, and (iii) It includes corrections be-

yond the commonly used exponential suppression. As

for the counterterms, their presence is required in order

to capture the effects of poorly known short-scale physics

[29, 30, 42] on the long-wavelength fluctuations. In par-

ticular, these corrections provide an effective description

of the baryonic feedback [43], higher derivative and ve-

locity biases [44], and the redshift-space distortions [31]

including the so-called “fingers-of-God” effect [45].

This paper is structured as follows. We discuss our

methodology, datasets, and the treatment of massive neu-

trinos in Sec. 2. Sec. 3 contains main results. In Sec. 4

we present a mock analysis of the simulated BOSS data

that quantifies the amount of information from the BAO

and FS measurements. Finally, Sec. 5 draws conclusions.

2. METHODOLOGY

In our main analysis the Markov-Chain Monte Carlo

(MCMC) chains sample seven cosmological parame-

ters of the minimal ΛCDM with massive neutrinos

(ωb,ωcdm,θs,As,τ ,ns,Mtot), where ωb, ωcdm are physical

densities of baryons and dark matter respectively, θs is

the angular acoustic scale of the CMB, As and ns are

the amplitude and the tilt of the primordial spectrum

of scalar fluctuations, τ denotes the reionization optical

depth, and Mtot is the sum of neutrino mass eigenstates.

Additionally, we run an analysis with varied Neff which

was fixed to the standard value 3.046 in the baseline run.

Throughout this paper we approximate the neutrino sec-

tor with three degenerate massive states. This approxi-

mation is very accurate both for the current and future

surveys. The difference between the exact mass splittings

and and the degenerate state approximation is negligible

once the proper lower priors are imposed [12, 14, 46, 47].

From the Planck side, we use the baseline TT-

TEEE + low ℓ + lensing likelihood from the 2018 data

release [1] as implemented in Montepython v3.0 [48],

see Ref. [49] for likelihood details. In addition to the

cosmological parameters, we also vary 21 nuisance pa-

rameters that describe foregrounds, beam leakage, and

other instrumental effects [49]. One difference with re-

spect to the baseline Planck analysis is that we model

the non-linear corrections to the CMB lensing potential

with one-loop perturbation theory. The reason is that

the one-loop power spectrum captures the behavior of

the matter power spectrum on mildly non-linear scales

much better than the commonly used fitting formulas like

HALOFIT. Strictly speaking, the one-loop power spec-

trum cannot be applied to very non-linear scales. How-

ever, for ΛCDM the one-loop power spectrum matches

the HALOFIT formula with ∼ 20% accuracy down to

k ∼ 1 hMpc−1. Moreover, the one-loop expression is

more reliable for non-minimal cosmological models, for

which the HALOFIT was simply not calibrated. We have

run the Planck baseline analysis both with the HALOFIT

and one-loop perturbation theory and found identical re-

sults.

To quantify the constraining power of the BOSS FS

likelihood, we compare our results with the joint analy-

sis of the Planck and the consensus BAO measurements

based on the same BOSS data [2]. Note that this BAO

likelihood is somewhat less constraining compared to the

one used by the Planck collaboration [1], which also in-

cluded e.g. data from Ly-α forest absorption lines [50]

and quasar clustering [51]. The consensus BAO mea-

surements of BOSS were obtained by the so-called den-

sity field reconstruction [3, 4], which sharpens the BAO

feature but distorts the broadband shape, which is then

marginalized over.3

The main analysis of this paper will be based on the

full-shape galaxy power spectrum likelihood from the

BOSS data release 12 (year 2016) [2], which includes the

monopole and quadrupole moments at wavenumbers up

to kmax = 0.25h/Mpc. Details of this likelihood can be

found in Ref. [2]. The BOSS DR12 includes four inde-

pendent datasets corresponding to different galaxy popu-

lations observed across two non-overlapping redshift bins

with zeff = 0.38 and zeff = 0.61. For each dataset we use

3 It is worth mentioning that a promising way to extract cosmolog-

ical information from galaxy catalogs can be a consistent recon-

struction of the full initial density field beyond the BAO [52–56].
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νΛCDM νΛCDM + Neff

Parameter Planck Planck + BAO Planck + FS Planck Planck + BAO Planck + FS

100 ωb 2.238+0.016
−0.015 2.245+0.014

−0.014 2.247+0.015
−0.013 2.224+0.023

−0.023 2.240+0.019
−0.019 2.233+0.019

−0.019

ωcdm 0.1201+0.0013
−0.0014 0.11919+0.00099

−0.00099 0.11893+0.00097
−0.001 0.1181+0.003

−0.0031 0.1182+0.0029
−0.0031 0.1166+0.0026

−0.0028

100 θs 1.04187+0.00030
−0.00030 1.04195+0.00029

−0.00029 1.04196+0.00028
−0.00028 1.04220+0.00051

−0.00054 1.04210+0.0005
−0.00052 1.04234+0.00049

−0.0005

τ 0.0543+0.0074
−0.0079 0.05556+0.007

−0.0076 0.05539+0.0074
−0.0072 0.05341+0.0074

−0.008 0.05516+0.0072
−0.0078 0.05409+0.0073

−0.0075

ln(1010As) 3.045+0.014
−0.016 3.045+0.014

−0.015 3.044+0.014
−0.014 3.037+0.018

−0.018 3.042+0.017
−0.017 3.035+0.016

−0.017

ns 0.9646+0.0045
−0.0045 0.9669+0.0039

−0.0039 0.967+0.0038
−0.004 0.9588+0.0087

−0.0087 0.9647+0.0073
−0.0074 0.9608+0.0074

−0.0072

Mtot < 0.26 < 0.12 < 0.16 < 0.27 < 0.12 < 0.16

Neff fixed 3.046 2.90+0.19
−0.19 2.99+0.17

−0.17 2.88+0.17
−0.17

Ωm 0.3188+0.0091
−0.016 0.3078+0.0060

−0.0071 0.3079+0.0065
−0.0085 0.324+0.011

−0.019 0.3090+0.007
−0.0076 0.3127+0.0080

−0.0091

H0 67.14+1.3
−0.72 67.97+0.56

−0.49 67.95+0.66
−0.52 66.1+1.9

−1.6 67.6+1.2
−1.2 66.8+1.2

−1.2

σ8 0.8053+0.019
−0.0091 0.8135+0.01

−0.0073 0.8087+0.012
−0.0072 0.798+0.022

−0.013 0.811+0.012
−0.011 0.8015+0.013

−0.011

TABLE I. Mean values and 68% CL minimum credible intervals for the parameters of the νΛCDM (left three columns) and

νΛCDM + Neff (right three columns) models as extracted from the Planck, Planck + BAO, and Planck + FS data, presented

as “mean+1σ
−1σ.” For Mtot we quote the 95% CL upper limit in units of eV. H0 is quoted in km/s/Mpc.

7 nuisance parameters to describe galaxy bias, baryonic

feedback, “fingers-of-God” and other effects of poorly

known short-scale physics, which totals to 28 additional

free parameters in the joint BOSS FS likelihood. Our

methodology for the BOSS full-shape analysis is identical

to the one used in Ref. [16], where one can find further de-

tails of the theoretical model, covariance matrix, and the

window function treatment. Additionally, in this work

we account for fiber collisions by implementing the ef-

fective window method [57]. In agreement with previous

works [16, 17], we have found that the effect of fiber col-

lisions is largely absorbed into the nuisance parameters

and has negligible impact on the estimated cosmological

parameters. In the present analysis we ignore any corre-

lation between the BOSS and the CMB data. The cross-

correlation of BOSS galaxies with the CMB temperature

has not yet been detected [58], while the correlation with

the CMB lensing is small on the mildly nonlinear scales

[11]. Thus, treating the BOSS and Planck data as inde-

pendent is a reasonable approximation given the current

errorbars.

The presence of massive neutrinos requires a modifi-

cation of the standard perturbative approach to galaxy

clustering. Neutrino free-streaming makes the growth

of matter fluctuations scale-dependent, which invalidates

the common perturbative schemes that are based on the

factorization of time evolution in the perturbation the-

ory kernels (the so-called Einstein-de Sitter approxima-

tion). A fully consistent description requires a proper

calculation of scale-dependent Green’s functions, see

Refs. [59, 60]. However, this description is quite labo-

rious and has not yet been extended to galaxies in red-

shift space. Given the errorbars of the BOSS survey,

one may consider the effect of massive neutrinos pertur-

batively and employ some approximations. In particular,

we will use standard expressions for the one-loop integrals

computed in the Einstein-de Sitter (EdS) approximation,

but with the exact linear power spectrum obtained in

the presence of massive neutrinos [61]. For calculations

based on a two-fluid extension of standard perturbation

theory, this prescription has been checked to agree with

the full treatment up to a few percent difference [59].

This result was recently confirmed in effective field theory

in Ref. [60]. This work showed that the leading effects

of non-linear neutrino backreaction is captured by the

counterterms, which also absorb the difference between

proper Green’s functions and the EdS approximation on

large scales. We will also employ the “cb” prescription,

i.e. assume that galaxies trace only dark matter and

baryons, and not the total matter density that includes
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the massive neutrinos. This prescription was advocated

on the basis of N-body simulations in Refs. [62–66]. Fur-

thermore, Refs. [67, 68] pointed out its importance for

parameter inference. Following the “cb” prescription, we

evaluate the loop integrals using the standard pertur-

bation theory redshift-space kernels with the logarithmic

growth rate computed only for the baryon and dark mat-

ter components. The “cb” prescription ensures that the

galaxy power spectrum matches N-body simulations on

large scales [66], where it approaches the Kaiser predic-

tion [69] evaluated with the linear bias and logarithmic

growth factor f for the baryon + dark matter fluid.

Before closing this Section it is worth mentioning that

Refs. [70, 71] found additional scale-dependence of galaxy

bias even if it is defined with respect to CDM+baryons.

It was argued that this effect is numerically very small

for standard cosmology, but it depends linearly on the

neutrino density fraction just like the other effects rele-

vant for galaxy clustering. We leave the impact of the

neutrino-induced bias on cosmological parameter mea-

surements for future study.

3. RESULTS

The triangle plots with posterior densities and

marginalized distributions for cosmological parameters

of the νΛCDM model (ωb, ωcdm, ns, H0,Ωm, σ8,Mtot) are

shown in Fig. 1. A similar plot obtained for a model

with free Neff (dubbed as νΛCDM + Neff) is displayed

in Fig. 2. For comparison, we also show the contours ob-

tained by analyzing the Planck data only. Results of this

analysis are in good agreement with the ones reported

by the Planck collaboration [1].4 The marginalized lim-

its are presented in Table I.

The BOSS data notably improve the limits on the late-

time parametersH0, Ωm, σ8, and the neutrino massMtot.

This happens mainly due to the breaking of degeneracies

between H0 and other cosmological parameters in the

CMB likelihood. This is not surprising, as the preci-

sion of H0 measurement from the BOSS FS data alone

rivals that of the CMB. The main improvement on the

sum of neutrino masses brought by the BOSS data also

4 https://wiki.cosmos.esa.int/planck-legacy-

archive/images/b/be/Baseline params table 2018 68pc.pdf

comes from a better H0 determination (this result was

foreseen long ago in Ref. [72]). H0 and Mtot are anti-

correlated in the CMB data, and the BOSS likelihood

pulls H0 to slightly higher values [16], which pushes the

neutrino masses closer to the origin. However, the BOSS

data at the same time prefer a somewhat low value of

σ8 [16] which pulls the neutrino masses in the opposite

direction. This is reflected in our 95% CL limit 0.16 eV,

which is higher than the Planck + BAO measurement

0.12 eV. We stress that this relaxation does not imply

that the FS data has less statistical power than the BAO.

On the contrary, it is a result of taking into account new

information that the BOSS clustering amplitude is lower

than the Plank + BAO prediction.

It is instructive to see how much the neutrino mass

bounds depend on the priors. Following the Planck

methodology, we have imposed an unphysical zero lower

limit in our baseline analysis. However, the physical pri-

ors corresponding to the normal or inverted hierarchies

(NH and IH in what follows, respectively) can notably

change the result. To estimate this effect we have resam-

pled our chains with the physical lower priors (0.06 eV

for DH and 0.1 eV for IH) and obtained the following

bounds (at 95%CL):

Mtot < 0.18 eV (NH, Planck + FS) ,

Mtot < 0.21 eV (IH, Planck + FS) .
(2)

These values can be compared with the Planck + BAO

results which were extracted from our chains by a similar

resampling,

Mtot < 0.15 eV (NH, Planck + BAO) ,

Mtot < 0.18 eV (IH, Planck + BAO) .
(3)

As far as the base cosmological parameters are con-

cerned, the improvement from the FS data (which em-

body the unreconstructed BAO) for νΛCDM is com-

parable to that from the reconstructed BAO measure-

ments [1]. This reflects the fact that the shape of the

matter power spectrum does not contribute significantly

to the cosmological constraints on the physical densities

of baryons and dark matter, which are dominated by

Planck.

One may expect that the shape information can be

more important is the model with additional relativistic

degrees of freedom. However, in this model the CMB

degeneracy direction in the plane ωcdm −H0 changes its

https://wiki.cosmos.esa.int/planck-legacy-archive/images/b/be/Baseline_params_table_2018_68pc.pdf
https://wiki.cosmos.esa.int/planck-legacy-archive/images/b/be/Baseline_params_table_2018_68pc.pdf


6

0.1 0.2 0.3 0.4
Mtot

0.12

0.125

cd
m

0.96

0.976

n s

62
64
66
68
70

H
0

0.3

0.35

0.4

m

0.75

0.8

8

2.20 2.25
10 2

b

0.1
0.2
0.3
0.4

M
to

t

0.120 0.125
cdm

0.960 0.976
ns

62 64 66 68 70
H0

0.30 0.35 0.40
m

0.75 0.80
8

Planck
Planck + BOSS FS
Planck + BOSS BAO

FIG. 1. Marginalized one-dimensional posterior distribution and two-dimensional probability contours (at the 68% and 95%

CL) for the parameters of the ΛCDM model with varied neutrino masses. Neff is fixed to the standard model value 3.046. H0

is quoted in km/s/Mpc, Mtot is quoted in eV.

orientation compared to the base ΛCDM and accidentally

becomes aligned with the degeneracy direction of the

BOSS data. Due to this coincidence the parameter de-

generacies from the two datasets do not get broken, and

the improvement from their combination is quite modest.

Importantly, the posterior contour in the ωcdm−H0 plane

is shifted down as a consequence of the preference of the

BOSS data for low ωcdm [16]. This also produces some

∼ 0.5σ shifts in cosmological parameters as compared to
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FIG. 2. Marginalized one-dimensional posterior distribution and two-dimensional probability contours (at the 68% and 95%

CL) for the parameters of the ΛCDM model with both varied neutrino masses and the effective number of relativistic degrees

of freedom Neff. H0 is quoted in km/s/Mpc, Mtot is quoted in eV.

the Planck + BAO analysis. In particular, we find

Neff = 2.88± 0.17

H0 = 66.8± 1.2

}
(68 %, Planck + FS), (4)

which can be contrasted with

Neff = 2.99± 0.17

H0 = 67.6± 1.2

}
(68 %, Planck + BAO), (5)

where H0 is quoted in km/s/Mpc. Note that the FS and

the BAO data pull the mean ofNeff in different directions.
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Moreover, unlike the FS data, the BAO notably shift

the means of other parameters, e.g. ωcdm and H0. This

shows that the full-shape and BAO data: (i) Contain

different information, (ii) Have similar statistical pow-

ers in combination with Planck. The interpretation of

these results is that most of the improvement in the joint

constraint comes from breaking of geometric degeneracy

between H0 and other cosmological parameters. Both

the BAO and FS have the same amount of geometric in-

formation that primarily constrains H0 for the models

that we considered [16], and hence the errorbars are very

similar. However, the additional shape and clustering

amplitude information contained in the FS data are not

negligible, and their addition leads to ∼ 0.5σ shifts of the

Planck + FS posteriors compared to Planck + BAO.

Finally, let us remark that we varied Neff together

with the neutrino mass, but this choice does not degrade

our limits compared to a fit with fixed Mtot. The rea-

son is that the Planck data itself clearly distinguish be-

tween the two effects because the errorbars from the joint

Mtot + Neff fit are the same as in the individual Mtot

and Neff runs [1]. This is also true for the BOSS likeli-

hood, as we have obtained identical constraints on Mtot

that are twice stronger than Planck both with fixed and

varied Neff. This suggests that the two effects are clearly

discriminated by the BOSS data too.

4. WIGGLES VS. BROADBAND

In the previous Section we have presented results

for the two different analyses, Planck + BAO and

Planck + FS. As argued in Introduction, the informa-

tion extracted form the galaxy clustering in these two

methods is quite different, yet the error bars in the two

analyses are identical.5 This is a very striking feature of

our results and it requires an explanation. In this sec-

tion we investigate the information content in the BAO

and FS analyses in detail and show that the identical er-

ror bars are just a coincidence for the given volume of

the BOSS survey and the given BAO reconstruction effi-

5 As discussed in the previous section, the 95% upper bound on

Mtot in the FS analysis is larger. However, this is due to low

σ8 measured by BOSS compared to the CMB, which pulls the

upper bound to the larger value. This does not happen in the

BAO analysis, since σ8 is not measured.

ciency. We will argue that for larger future spectroscopic

surveys the FS analysis will eventually be more powerful

in constraining the cosmological parameters.

In order to compare the amount of information in the

reconstructed BAO wiggles with the amount of informa-

tion in the full shape power spectrum (which embeds

the unreconstructed BAO), we analyzed several sets of

the simulated mock data which mimic the actual BOSS

sample, but have different amplitudes of the BAO wig-

gles. This exercise is analogous to that performed in

Ref. [16], where one can find further details of our mock

dataset. We generated four sets of power spectra mul-

tipoles for the low-z (zeff = 0.38) DR12 North Galactic

Cap (NGC) sample with a different amount of the BAO

damping and analyzed them using the same pipeline ap-

propriately modified in each case. The mock data were

assigned the covariance of the real sample. For clarity,

we analyze the mock BOSS data per se, i.e. without the

Planck likelihood.6

To understand our method, recall that the BAO damp-

ing at leading order can be described as

PIR res, LO(k, µ) = Pnw + e−Σ2k2

Pw , (6)

where Pnw and Pw are the de-wiggled broadband and

wiggly parts of the linear power spectrum respectively.

We also introduced µ ≡ cos(z,k), where z is the line-of-

sight vector. The theoretical prediction for the damping

factor Σ is given by [38, 40, 41],

Σ2 = Σ2
NL ≡ (1 + fµ2(2 + f))

× 4π

3

∫ kS

0

dqPnw(q) [1− j0 (qrd) + 2j2 (qrd)] ,
(7)

where f is the logarithmic growth factor, jℓ(x) are spher-

ical Bessel functions, kS is an arbitrary scale separating

the resummed soft modes and rd is the sound horizon at

the drag epoch. We emphasize that the leading order ex-

pression (6) has a non-negligible dependence on kS , which

greatly reduces after computing the one-loop correction

to Eq. (6) [40]. Note that we use Eq. (6) only for illus-

tration purposes. In the actual analysis we compute the

6 There are two effects that contribute to the constraints in com-

bination with Planck. First, it is the size of the errorbar itself

and second, it is the orientation of the posterior contours (e.g.

H0 − ωcdm) w.r.t. the Planck ones, which is different for BAO

and FS.
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FIG. 3. Marginalized one-dimensional posterior distribution and two-dimensional probability contours (at the 68% and 95%

CL) for the parameters of simulated mock BOSS data. The shown are four cases corresponding to different amount of the BAO

smoothing, see the main text for further details.

full one-loop IR resummed expression with appropriately

modified values of Σ.

The four mock samples are characterized by four differ-

ent BAO damping factors Σ = ∞,ΣNL,ΣNL/2, 0, where

ΣNL is the theoretically predicted amount of the BAO

damping (7). The first case corresponds to the pure

broadband information without any wiggles. The sec-

ond case mimics the real physical situation and repro-

duces the actual constraints from the FS analysis of the

BOSS low-z NGC data sample. The third situation cor-

responds to the combination of the broadband with the

standard BAO reconstruction, which reduces the damp-

ing by a factor of two [73]. Finally, the fourth scenario

features the full BAO wiggles, which are not affected by

the non-linear smearing. This case corresponds to the

joint analysis the broadband + optimally reconstructed

Param. Σ = ∞ Σ = ΣNL Σ = ΣNL/2 Σ = 0

ωcdm 0.112+0.014
−0.015 0.116+0.010

−0.011 0.116+0.010
−0.011 0.116+0.010

−0.011

H0 69.3+6.3
−6.1 71.4+2.9

−3.4 71.3+1.9
−2.1 71.3+1.2

−1.4

σ8 0.802+0.091
−0.100 0.828+0.082

−0.092 0.828+0.076
−0.075 0.837+0.072

−0.071

Ωm 0.284+0.031
−0.074 0.271+0.021

−0.021 0.271+0.017
−0.018 0.271+0.015

−0.016

TABLE II. Mean values and 68% CL minimum credible in-

tervals for the parameters extracted from the simulated data

mocking the BOSS DR12 low-z NGC sample. The values of

H0 are quoted in units of km/s/Mpc.
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BAO wiggles, which is the best case scenario for BAO

reconstruction.7

For the purposes of this Section, we focus on the fol-

lowing set of cosmological parameters (H0, ωcdm,σ8) and

use the Planck priors for ωb and ns. We fixed Mtot = 0 in

our simulated data. The chosen fitting parameters rep-

resent three different sources of information encoded in

the power-spectrum multipoles: geometric distance (H0),

shape of the transfer functions (ωcdm), and redshift-space

distortions (σ8)
8. The results of our analysis are dis-

played in Fig. 3 and Table II. We also show the derived

parameter Ωm, which comes from a combination of the

shape and distance information.

The relative importance of the BAO wiggles compared

to the broadband can be assessed comparing the results

for the four different mock data sets. The first observa-

tion is that the BAO wiggles significantly affect only the

H0 measurement. There is no improvement in ωcdm be-

tween the reconstructed and unreconstructed cases, and

a very slight errorbar reduction for the clustering ampli-

tude σ8. The second observation is that theH0 constraint

improves by ∼ 40% (i.e. the error reduces by ∼
√
2) in

Σ = ΣNL/2 compared to the Σ = ΣNL case. Thus, we

can conclude that the reconstructed high-k BAO wiggles

measure H0 with the similar precision as the FS data.

This is precisely related to our result that the BAO and

FS have a similar amount of geometric information. How-

ever, this is just a coincidence. Even small modifications

in the setup can change the conclusions drastically. For

example, in the case of the ideal BAO reconstruction the

error on H0 is smaller by more than a factor of 2 com-

pared to the standard FS analysis. This result suggests

7 The standard reconstruction technique does not fully restore the

linear amplitude of the BAO wiggles [73]. However, more so-

phisticated methods have potential to achieve almost optimal

efficiency. One example is the iterative reconstruction, so far ap-

plied only to dark matter in real space [6]. Another example is

the neural network-based algorithm of Ref. [53], which is close

to optimal for halos. It will be interesting to see how much these

more advanced approaches can improve BAO reconstruction in

the realistic case of biased tracers in redshift space.
8 In ΛCDM the logarithmic growth rate f is fixed by Ωm and

H0 (modulo a small effect due to massive neutrinos), which are

extracted from the monopole.

that H0 errorbars are very sensitive to the efficiency of

BAO reconstruction. While Σ = 0 limit is probably im-

possible to get in practice, any improvement in the recon-

struction algorithm can potentially be very important for

the BOSS data analysis.

Another relevant parameter in this discussion is the

volume of the survey. Smaller statistical errors can sig-

nificantly improve the cosmological constraints thanks to

the degeneracy breaking among many nuisance parame-

ters needed to describe the broadband.9 Furthermore,

larger surveys include higher redshifts, where the the

BAO peak is much less damped. Thus, the expectation is

that for large enough volumes, the FS should eventually

win over the BAO-only analysis.

This is indeed the case. A similar mock analysis for a

Euclid-like survey [34] (whose volume is roughly 10 times

larger than BOSS) has shown that even in the ideal case

of the 100%-efficient BAO reconstruction the errorbar

on H0 improves only by ≲ 30% compared to the FS con-

straints, which should be contrasted with the ∼ 100%

improvement for the BOSS volume. Repeating the anal-

ysis as Ref. [34] for a more realistic case of 50%-efficient

reconstruction we found the improvement for the Euclid

data to be marginal (≲ 10%), which can be contrasted

with the ∼ 40% gain for the BOSS volume.10 These re-

sults are not very surprising, and similar trends have been

already seen in several other forecasts (see for instance

BAO and broadband comparison in [28]). In Appendix A

we perform an additional analysis for the combination of

the Planck CMB data and the Euclid-like survey. We

show that even if one employs all possible geometric and

clustering amplitude information from the power spec-

trum and combines it with Planck, the constraints will

still be worse than those extracted from the Planck +

full-shape likelihood.

In conclusion, comparing the amount of information

in the BAO and FS analyses in detail, we find that the

9 In such cases the improvement can be much better than naive

estimates using the mode counting.
10 Inclusion of the higher order n-point functions further strength-

ens the case for the full-shape analysis. For instance, Ref. [34] has

shown that the combination of the one-loop power spectrum and

tree-level bispectrum monopole can lead to better constraints

than the best case power spectrum analysis with the optimally

reconstructed BAO wiggles. One may expect even more benefit

from addition of the higher multipole moments of the bispec-

trum [74].
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similarity between the two in combination with Planck

is just a coincidence of the BOSS survey volume and ef-

ficiency of the current reconstruction algorithms. Our

analysis suggests two main conclusions: (a) Better re-

construction algorithms or optimal combination of the

FS and BAO analyses can lead to tighter constraints on

cosmological parameters using the same BOSS data, (b)

The full-shape power spectrum data will supersede the

BAO(+fσ8) measurements in the era of future galaxy

surveys, even for in the case of ideal BAO reconstruc-

tion.

5. CONCLUSIONS

We have presented a joint analysis of the final Planck

CMB and BOSS galaxy power spectrum data. Our main

results include new limits on the parameters of the mini-

mal ΛCDM, neutrino masses, and the number of effective

relativistic degrees of freedom. The key new feature of

our work is the use of a new BOSS full-shape power spec-

trum likelihood, which is based on an improved perturba-

tion theory model. This model consistently accounts for

nonlinearities of the underlying dark matter fluid, galaxy

bias, redshift-space distortions, and nonlinear effects of

large-scale bulk flows.

We showed that the addition of the BOSS FS data

improves the Planck-only constraints. The results for

the minimal ΛCDM with varied Mtot are very similar

to the standard Planck + BAO analysis. For the model

with additional relativistic degrees of freedom the FS and

BAO data yield comparable statistical improvement but

shift the posterior in different directions. We argued that

this is the effect of the additional full-shape information

beyond the geometric location of the BAO.

When combined with Planck, the cosmological infor-

mation in the shape of the BOSS galaxy power spectrum

turned out to be comparable to the pure geometric infor-

mation extracted form the reconstructed BAO peak for

the cosmological models considered in this paper. How-

ever, the FS information will become more powerful than

the pure BAO and fσ8 data in the era of future galaxy

surveys even for constraining vanilla cosmological scenar-

ios. Importantly, the precision of the shape parameter

measurements from these surveys will be comparable to

that of Planck, and the combination of the two will re-

duce the errorbars by a factor of few due to degeneracy

breaking [34]. This effect will be essential for the future

neutrino mass measurements [28, 34, 75–79]. The pre-

sented constraints set a reference mark for future LSS and

CMB observations that will surpass Planck and BOSS.
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Parameter estimates presented in this paper are ob-

tained with a modified version of the CLASS code [80] in-

terfaced with the Montepython MCMC sampler [48, 81].

Perturbation theory integrals are evaluated using the

method described in [82]. The plots with posterior densi-

ties and marginalized limits are generated with the latest

version of the getdist package11, which is part of the

CosmoMC code [83, 84].

Appendix A: Full-shape vs. BAO + fσ8 for a

Euclid-like survey

The goal of this section is to show that for future sur-

veys the power spectrum shape will be more important

than just the BAO + fσ8 likelihood (both in combination

with Planck). We will make an even stronger statement:

even if one extracts all possible geometric information

encoded in the galaxy power spectrum and combines it

with fσ8 and Planck, the constraints will still be worse

than those coming from the FS+ Planck likelihood.

11 https://getdist.readthedocs.io/en/latest/

https://getdist.readthedocs.io/en/latest/
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CL) for cosmological parameters from the joint analysis of the simulated mock Planck and Euclid data.

Params. BAO+fσ8 opt.BAO+fσ8 FS

H0 67.34+0.59
−0.59 67.35+0.45

−0.45 67.35+0.22
−0.22

fσ8 0.4624+0.0038
−0.0038 0.4624+0.0038

−0.0038 0.4621+0.0018
−0.0018

σ8 0.8020+0.0066
−0.0066 0.8020+0.0063

−0.0063 0.8015+0.0032
−0.0032

ωcdm 0.12+9.5·10−4

−9.5·10−4 0.12+8.2·10−4

−8.2·10−4 0.12+4·10−4

−4·10−4

ns 0.9649+0.0033
−0.0033 0.9649+0.0031

−0.0031 0.9653+0.0027
−0.0027

Mtot 102± 33 102± 29 103± 19

TABLE III. Mean values and 68% CL minimum credible inter-

vals for the parameters extracted from the simulated Euclid

mock data combined with the realistic mock Planck likeli-

hood. The results for H0 are quoted in units of km/s/Mpc,

for Mtot in meV.

Our methodology is identical to the one used in

Ref. [34], where one can find all details of our analysis.

We simulate several mock likelihoods mimicking the fu-

ture Euclid spectroscopic survey data: the redshift-space

galaxy power spectrum, the power spectrum combined

with realistically reconstructed BAO wiggles (50% effi-

ciency, or Σ = ΣNL/2 in terms of Section 4), and the

overoptimistic case of the power spectrum shape + fully

reconstructed BAO (Σ = 0). From the Planck side, we

use the realistic mock likelihood introduced in Ref. [47]

and implemented in Montepython v3.0 [48].12 Our fidu-

cial cosmological model is the base ΛCDM with best-fit

Planck 2018 cosmological parameters, supplemented with

12 Note that this mock likelihood yields somewhat weaker con-

straints on H0 and Mtot due to the absence of the discrepancy

between the high-ℓ and low-ℓ likelihoods, present in the real data

[1] (sometimes referred to as the “lensing tension”).
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one massive neutrino of 100 meV. This model is used

across all simulated likelihoods.

We generate our mock BAO + fσ8 likelihood as fol-

lows: we analyze the full-shape Euclid power spectrum

likelihood with 50% and 100% reconstructed BAO wig-

gles and extract the marginalized posterior on H0 and

fσ8 from these data. For simplicity, we evaluate fσ8 at

zeff = 0.61 (the lowest redshift bin of the survey), al-

though nothing depends on this particular choice: our

posterior on fσ8 results from the analysis of all redshift

bins of the survey and takes into account the informa-

tion on the redshift-dependence of this quantity. Thus,

the reduced H0−fσ8 likelihood encapsulates all the clus-

tering amplitude and geometric information13 available

from the matter power spectrum in our model. This

geometric information goes beyond the pure BAO, and

also includes e.g. the location of the power spectrum

peak. We call the case of 50% efficient reconstruction

“BAO+fσ8,” the of optimal 100% efficient reconstruc-

tion “opt.BAO+fσ8.”

To understand the impact of the shape information,

we combine the H0−fσ8 measurements with our Planck

mock data and compare it with the results from the joint

Planck + FS power spectrum likelihood. The means and

1-σ errors on relevant cosmological parameters are dis-

played in Table III and the corresponding 2d marginal-

ized distribution is shown in Fig. 4. We do not present

the constraints on ωb and τ because they are always

dominated by Planck. We clearly see that the addition

of the FS data allows one to break degeneracies of the

CMB data and significantly improve the constraints on

the shape parameters. This, in turn, leads to a better

determination of the other cosmological parameters, e.g.

Mtot and H0. However, if we only use the geometric and

clustering amplitude information from the BAO+ fσ8

likelihood, the constraints are notably worse.
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J. Lesgourgues, M. Walther, S. Chabanier, and E. Ar-

mengaud, (2019), arXiv:1911.09073 [astro-ph.CO].

[14] S. Roy Choudhury and S. Hannestad, (2019),

arXiv:1907.12598 [astro-ph.CO].

[15] M. Aker et al. (KATRIN), (2019), arXiv:1909.06048

[hep-ex].

[16] M. M. Ivanov, M. Simonovic, and M. Zaldarriaga,

(2019), arXiv:1909.05277 [astro-ph.CO].

[17] G. D’Amico, J. Gleyzes, N. Kokron, D. Markovic, L. Sen-

atore, P. Zhang, F. Beutler, and H. Gil-Maŕın, (2019),
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