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Abstract. We explore constraints on dark energy and modified gravity with forecasted 21cm
intensity mapping measurements using the Effective Field Theory approach. We construct
a realistic mock data set forecasting a low redshift 21cm signal power spectrum Pa(z, k)
measurement from the MeerKAT radio-telescope. We compute constraints on cosmological
and model parameters through Monte-Carlo Markov-Chain techniques, testing both the
constraining power of P;(k) alone and its effect when combined with the latest Planck 2018
CMB data. We complement our analysis by testing the effects of tomography from an ideal
mock data set of observations in multiple redshift bins. We conduct our analysis numerically
with the codes EFTCAMB/EFTCosmoMC, which we extend by implementing a likelihood module
fully integrated with the original codes. We find that adding P»; (k) to CMB data provides
significantly tighter constraints on Q.h? and Hy, with a reduction of the error with respect to
Planck results at the level of more than 60%. For the parameters describing beyond ACDM
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theories, we observe a reduction in the error with respect to the Planck constraints at the level
of < 10%. The improvement increases up to ~ 35% when we constrain the parameters using
ideal, tomographic mock observations. We conclude that the power spectrum of the 21cm
signal is sensitive to variations of the parameters describing the examined beyond ACDM
models and, thus, Py (k) observations could help to constrain dark energy. The constraining
power on such theories is improved significantly by tomography.
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1 Introduction

In modern Cosmology, the source of cosmic acceleration is assigned to an enigmatic con-
stituent of the Universe, called Dark Energy (DE). The standard cosmological model is
the A-Cold Dark Matter (ACDM) model, in which DE constitutes almost 70% of the total
content of the Universe and is consistently modeled as a Cosmological Constant (A) term.
The ACDM model has been accurately tested in the past couple of decades and, at the
state-of-the-art, it is in remarkable agreement with several independent cosmological and
astrophysical observations, such as the Cosmic Microwave Background (CMB), the Supernovae
observations and measurements from the large scale structure [1-4].

Despite the success of the standard cosmological model, current tensions on the values
of the ACDM parameters measured by different observations [5-8] could imply new physics.
Moreover, the Cosmological Constant raises many questions that are still unresolved, such
as the nature of A and why it is forced to assume the small value that is consistent with
observations [9-11]. To this extent, a plethora of alternative models have been proposed
and studied [12, 13], ranging from dynamical DE to modifications of gravity (MG). In the
former an additional field, typically a scalar, is added to the matter content. In the latter, the
gravity sector of the action is modified, normally resulting in additional gravitational degrees
of freedom (DOFs). In practice, the distinction between DE and MG models is not always



a strict one, and one can rather focus on the additional, propagating DOFs and employ a
unifying framework to study deviations from ACDM.

One such framework is offered by the Effective Field Theory (EFT) of DE [14, 15],
which allows to survey large samples of DE/MG models for an optimal exploitation of the
wealth of upcoming, high-precision data. In this work, we adopt such framework and, in
order to interface with the data and forecasted observations, we adopt the EFTCAMB and
EFTCosmoMC [16-18] codes, which implement EFT of DE in the popular Einstein-Boltzmann
solver CAMB [19] and in the Monte-Carlo Markov-Chain (MCMC) [20] sampler CosmoMC [21, 22],
respectively. Latest constraints for EFT models produced with EFTCAMB/EFTCosmoMC can be
found in ref. [23].

In the last decade, DE-MG models were extensively tested. For comprehensive reviews
on the state-of-the-art, we refer to refs. [12, 13]. Although no significant proof supporting a
specific beyond ACDM model has yet been found, the upcoming observations will allow high
precision tests of gravity on the large cosmological scales. In this work, we focus on the 21cm
signal detection through line intensity mapping techniques, which allows to sample the neutral
hydrogen (HI) distribution in a wide redshift range [24-29]. These observations will open
an important window on DE/MG theories [30-36]. Currently, several purpose-built radio-
telescopes, such as the Canadian Hydrogen Intensity Mapping Experiment (CHIME),! the
Hydrogen Intensity and Real-Time Analysis experiment (HIRAX),? the Five-hundred-meter
Aperture Spherical Telescope (FAST),? are already taking data or are under construction.
Moreover, radio cosmology and the study of DE/MG theories is one of the main science
goals of the world largest interferometer, the Square Kilometer Array Observatory (SKAO),*
in particular with intensity mapping techniques [37]. The MeerKAT telescope,® the SKAO
precursor in South Africa, can be successfully exploit for 21cm intensity mapping [38, 39]
and has attained encouraging results [40]. In this work, we produce constraints on model
parameters from forecasted 21cm intensity mapping observations. The new observable we
use is P»1(z, k), the power spectrum of the 21cm signal. We construct the likelihood function
for Py1(z, k) by building a mock data set of realistic, upcoming MeerKAT observations of
P51 (z, k) at redshift z = 0.39. We test both the effect of the 21cm signal observations alone and
combined with the latest Planck 2018 CMB data [1]. We explore both a ACDM scenario and
several EFT models beyond ACDM. We equip our likelihood also with additional information
on background quantities, derived from further 21cm intensity mapping forecasts at higher
redshift [41]. Moreover, to test the effect of tomography on beyond ACDM theories, we
further extend the likelihood to include four additional, ideal mock data sets, constructed
to mimic Py (z, k) observations at different redshifts. To perform our analysis, we expand
the codes EFTCAMB/EFTCosmoMC and include a new likelihood module to compute constraints
through MCMC techniques.

Compared to similar studies [31, 35, 41-43], this work includes the following important
new aspects: i) we start by mocking realistic 21cm observations that are about to be achieved
by present day experiments, once the foregrounds will be removed from the data; i) we employ
a full MCMC Bayesian analysis, rather than adopting a Fisher Matrix approach; iii) we start
by considering the present day full CMB data from Planck, rather than assuming priors on

!See https://chime-experiment.ca/en.

2See https://hirax.ukzn.ac.za/.

3See https://fast.bao.ac.cn/.

“See https://www.skatelescope.org)/.

®See https://www.sarao.ac.za/gallery /meerkat /.
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cosmological parameters measured; iv) we combine 21cm observations only with CMB data,
without considering other probes, to disentangle precisely the constraining power of such
future observations; v) we include a conservative treatment of the astrophysical quantities
that are used to mock the 21cm power spectrum, like the brightness temperature and the
atomic hydrogen bias.

The structure of this paper is the following. In the first part, i.e. section 2, we delineate
our methodology, describe the modeling of the 21cm signal power spectrum, and present the
theoretical models we consider. Then, in section 3 we present and discuss the results we
obtain in different scenarios. We begin by examining the effects of the new P»; likelihood
on the ACDM model in section 3.1. In section 3.2, we discuss results for models beyond
ACDM, which we study assuming a ACDM background evolution. Then, we investigate the
effect of implementing the HI bias and the brightness temperature as nuisance parameters in
section 3.3. We show results for models beyond ACDM on a wCDM background evolution in
section 3.4. We explore a more ideal case, where we combine mock observations at five different
redshifts, in section 3.5. Adding to the P»;(k) likelihood measurements in different redshift
bins, which we refer to as tomography, should improve the constraints on the considered
beyond ACDM models. We conclude by outlining the main results of this work in section 4.

2 Methods

Our main goal is to investigate whether future intensity mapping observations could play
a role in improving constraints on cosmological parameters. To this end, we conduct a
Monte-Carlo Markov-Chain (MCMC) analysis [20] computing a likelihood function for the
21cm power spectrum, the Poq likelihood, from a mock data set of observations. In section 2.1
we describe the model for the 21cm power spectrum, while in section 2.2 we provide details
on the likelihood implementation. In section 2.3, instead, we summarize the main aspects of
EFT for cosmic acceleration, outline the theoretical models that we test, and list the most
recent constraints available in literature. Finally, we list other data sets used to test the P
likelihood in section 2.4.

We adopt the Planck 2018 best fit results [1], i.e. we consider as fiducial cosmology a
ACDM model described by the parameters:

Qh? = 0.022383, 7 = 0.0543,
Q.h% = 0.12011, In(10°4,) = 3.0448,
1000y = 1.040909, ns = 0.96605,

obtained from the TT, TE, EE+lensing+lowE likelihood data sets.

2.1 Model for the 21cm signal

We consider the following model for the 21cm signal linear power spectrum [29, 37, 44]:
Po(z. k. 1) = T(2) [(brn(2) + F(2) 5" Pz, K) + Pox] 21)

where Tj(z) is the mean brightness temperature, by(2) is the HI linear bias, f(z) is the linear
growth rate, p = k - 2, Pm(z, k) is the total matter power spectrum and Pgsy is the HI shot
noise. At the scales we operate the shot noise term for the 21lcm power spectrum is found to
be negligible [29, 45, 46]. Thus, we decided to not consider the Pgy in this work. Moreover,



we restrict ourselves to the case y = 1, to simplify the computation of the power spectrum and
to maximize the dependence of the likelihood on the growth rate. This choice is motivated
also by the poor angular resolution compared to the line-of-sight power of intensity mapping
experiments [47]. We leave the study of different values of 1 and the introduction of the shot
noise for future work. L.e., we use:

Pou(z, k) = T2(2) (b (2) + £(2))*Pus(z, ). (2.2)

We will restrict our study to the linear scales. For the subset of models we consider computing
non linear corrections to the matter power spectrum is still an open issue. Moreover, the
P51 (k) reconstructed from single-dish intensity mapping observations is not sensitive to small
scales (see section 2.2.1).

For the mean brightness temperature we rely on the following parametrization from
ref. [48]:

zpr mK, (2.3)

Ti(2) — 23.88 (Qbh2> 0.15 (1+2)

0.02 Qnh? 10

where 0, and (2, are the baryon and total matter density parameters today and zyr = %—‘g
is the fraction of neutral atomic hydrogen. Following results in literature we assume the
hydrogen fraction to be Qp = 0.74€ [46] and consider a constant value of Qyp ~ 1073.
This choice of Qg is justified by observations [49] and has been already adopted in other
works [29, 37].

We model the linear bias byr(z) from numerical simulation results. In ref. [29] by
is estimated for a discrete set of redshifts z = 0, 1, 2, 3, 4, 5 in a ACDM framework. We
interpolate linearly these points to estimate byy(z) also at intermediate redshift values. Notice
that, at the scales we operate, we can safely consider the bias to be scale-independent.

The linear growth rate is computed as f(z) = fog(z)/os(z), where fog(z) is numerically
computed from the density-velocity correlation, i.e. fog(z) = Ugvd (2)?/ Uédd)(z), as defined in
ref. [50]. This way of obtaining the growth rate is model dependent and allows us to estimate
it also for models beyond ACDM, where the f(z) behavior may not be trivial. This method,
on the other hand, cannot account for any possible scale dependence of the growth rate, a
known feature of several MG models. However, although we do not show results here, by
computing numerically f(k,z) we found that the growth rate for the subset of models we
study results to be scale-independent in the range of scales we investigate. Thus, we are
allowed to use this method.

Finally, as well as fog(z) and og(z), the matter power spectrum Py, (z, k) is computed
with the Eistein-Boltzmann solvers CAMB [19] and EFTCAMB [16, 18], the CAMB extension to test
MG /DE models in an Effective Field Theory approach.® We highlight that in our construction
of P21(z, k) the model dependent quantities are the matter power spectrum Py, (z, k) and the
growth rate f, which we are able to compute for ACDM and beyond ACDM models. The
other factors in eq. (2.2), i.e. the brightness temperature T}, and the bias by, are fixed for
different models. This is because it is not clear how to compute these quantities for models
beyond ACDM. We further discuss this topic in section 3.3. The theoretical predictions of
P51(z,k) in the fiducial ACDM cosmology at different redshifts are shown in figure 1.

See https://camb.info/ and http://eftcamb.org,/.
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Figure 1. Linear power spectra for the 21cm signal at different redshifts. Results are computed with
the model in eq. (2.2) for the ACDM fiducial cosmology, i.e. Planck 2018 best fit results [1]. We show
both the full power spectrum Py (k) (left) and the adimensional one Ag; (k) = k3 Py (k) /272 (right).

2.2 2lcm signal likelihood implementation

—

Given a set of observed Ps1(z,k) values, P9P®, at a fixed redshift, we compute theoretical
predictions of the 21cm signal, i.e. ]35{‘, at the same redshift and k. As described in section 2.1,
P (2,k) is derived from the brightness temperature, the HI bias, the growth rate and
the matter power spectrum, as in eq. (2.2). At each MCMC step values of Py (k) and f
are provided by CAMB/EFTCAMB, whereas T} and byy are kept fixed to their values from the
fiducial cosmology.

Thus, the P»;(k) logarithmic likelihood function £ is computed as:

pobs| D 1 5 pobs — D> pobs
—In £ (B3I PY)] = S(Fst - Po)" C7H (B — P, (2.4)

where C is the covariance matrix, with dimensions n X n, being n the number of data points
in k. We assume C to be diagonal, given that we rely only on linear scales, and compute it
from the observational errors ¢'p,, as:

Cij = 0p,, ; 6ij (2.5)

with d;; being the usual Kronecker delta and 4, j = 1,...,n.

We consider also the possibility to compute the likelihood from different redshift bins. If
that is the case, observations at each redshift are assumed independent. Each contribution
to the logarithmic likelihood is calculated separately and then added together. Moreover, it
is also possible to choose an alternative parametrization for the brightness temperature T5,.
From the definition in eq. (2.3) we can extrapolate the redshift dependence and rewrite T}, in
a more general way:

T, = ar,V 14 2, (2.6)

where in this case all the contributions from cosmological parameters and g1 absorbed in
the value of the amplitude ar, .

It is then possible to treat ary, along with the bias by, as nuisance parameters of the
P51 (k) likelihood function, as we discuss in section 3.3. We assume this to take into account



the effect of possible variations in the brightness temperature and the bias, for which we lack
of a theoretical model, in particular for beyond ACDM theories.

We numerically compute the constraints by means of the latest public available version
of the MCMC codes CosmoMC [21] and EFTCosmoMC [17], the CosmoMC extension for studying
MG/DE models in an EFT framework.” CosmoMC/EFTCosmoMC allow the exploration of the
parameter space by computing the likelihood from several different observational data. We
expand this set by implementing the computation of the likelihood for Py (k) from upcoming
intensity mapping observations as described above.®

2.2.1 A realistic mock data set

A central ingredient for the likelihood of eq. (2.4) is the measured 21cm power spectrum PSP

and its observational error 0%321 as a function of the k in each of the i** available bin. With
the aim of obtaining realistic constraints for both the standard and non-standard models
explored in this work, we adopt the following approach to generate mock data. We assume we
are using the MeerKAT telescope as a collection of 64 single 13.5 m dishes, as for the preferred
practice in intensity mapping analysis [38-40], scanning a total sky area of 2000 deg?. We
consider L-band observations and thus a central redshift of z = 0.39. We assume for the signal
the same modeling as for section 2.1 and consider the effect of both the instrumental noise
and the telescope beam. We consider a thermal noise level given by the radiometry equation
with a system temperature taken directly from MeerKAT technical available documentation,
a frequency resolution of 1 MHz, and 2.400 h of total observing time. The beam is assumed
to be Gaussian and to scale proportionally to A/Deg, where A is the observed frequency and
D.g is the effective dish size. We then compute the error as:

9 (2m)3 1
i = ;i P ki AFhOEe ) 2.7
0Py i Veur 47T/€1-2Ak: ( 21( ) + ) ( )

where Vi, is the survey total volume, Ak = 27/ Vsi/rB is the k-bin width and Pieise encodes
both the effect of the beam and the thermal noise. Note that we create our mock data only
once, assuming a standard ACDM cosmology for P»;(k). Moreover, when computing the
errorbars, we set © = 0. This is a conservative assumption, that reflects the poor angular
resolution of the instrument. Given the fiducial cosmology and the errors of eq. (2.7) the
final data set is constructed generating, for each k-bin, a new data point Gaussian distributed
around the theory with a standard deviation of op,, ,/5, as depicted in figure 2. Intensity
mapping experiments have yet to completely solve additional challenges, such as the cleaning
of the foreground emissions, e.g. see ref. [51], beam modeling uncertainties [52, 53], and
possible residual artifacts in the data [54, 55]. In this work, we do not model these and leave
them to further studies.

2.2.2 Additional external intensity mapping forecasts on background quantities

We also test the efficacy of the P (k) likelihood combined with additional intensity mapping
information on background and growth of structure quantities provided by other experiments
at higher redshift. As described in ref. [41], 21cm intensity mapping observations in the
redshift range 2.5 < z < 5 are expected to provide powerful constraints on cosmological

"See also https://cosmologist.info/cosmomc,/.
8To this end we write a new module, twentyonepk.f90, to be added to the Fortran version of
CosmoMC/EFTCosmoMC.
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Figure 2. Mock data set observations and theory prediction at z = 0.39 for the 21cm signal power
spectrum. Error bars are generated considering a realistic intensity mapping survey with the MeerKAT
telescope. Central values are instead obtained from points predicted by the theory for ACDM and the
fiducial cosmology we assume.

oz/r(z=25) x(2=0.39) o0,(2x=0.39)

fos 0.075 0.478 0.036
H [km s~! Mpc™!] 0.014 83.3 1.2
D4 [Mpc] 0.053 1130 60

Table 1. Data points and errors on fog, the angular diameter distance D4 and the Hubble parameter
H at redshift z = 0.39. In the first column we show the forecasted relative errors on these quantities
at z = 2.5 computed in ref. [41]. In the second column we show theoretical expectations for fog, D4
and H obtained with CAMB for our fiducial cosmology at redshift z = 0.39. In the third column there
are the absolute errors on each quantity, which we derived from the relative errors at redshift z = 2.5
as 0,(2 =0.39) = 0, /x(2 = 2.5) - z(z = 0.39). Le., we set 0, /x(z = 0.39) = 0, /x(z = 2.5).

parameters. In ref. [41], constraints on the quantities fog(z), the angular diameter distance
D4(z), and the Hubble parameter H(z) are computed for a hypothetical observation of
the telescope HIRAX [56] in this redshift range. Our aim is to equip the P»;(k) likelihood
with additional information on the background evolution, coming from external, higher
redshift, 21cm intensity mapping observations. This exercise is a first test of the effects of
the tomographic nature of 21cm intensity mapping observations. To do so we construct an
additional likelihood and mock data sets for fog(z), Da(z) and H(z). In the following, we
refer to this likelihood as the background likelihood.

The mock data set built for fog(z), Da(z) and H(z) at redshift z = 0.39, is shown in
table 1. To construct it, we start from the forecasted relative errors on these quantities at
redshift z = 2.5 [41]. Following the trend found in ref. [41], we assume the relative errors
on fog, D4 and H to increase with redshift. Then, in order to be conservative, we set the
relative error at z = 0.39 to the upper limit given by the relative errors at z = 2.5. We



compute absolute errors and central points from theoretical estimate of fog(z), Da(z) and
H(z), as explained in table 1.

From this mock data set we implement an additional likelihood term for each x = fog,
H, Dy at z=0.39:

1 1
obs|,.th _ th obs th obs
—ln[ﬁ(m |z )]—i(m —x );%(1' — ). (2.8)
We then sum each piece to the P (k) likelihood, defined in eq. (2.4). We stress that the
21cm power spectrum data and the background data obtained from 21cm measurements are
obtained by different experiment. Thus, we consider them to be independent. This is of
course an assumption that deserves to be investigated with dedicated mock data sets.

2.3 Theoretical framework

In this section we review general aspects of the beyond ACDM models that we consider for
our analysis. As anticipated, we work within the Effective Field Theory (EFT) framework. In
the following, we first review basic aspects of EF'T of DE. Then, we describe in more detail
the set of EFT models that we consider, and, finally, we briefly summarize the latest available
constraints. We stress that in our work we follow mainly the notation of refs. [16, 18].

2.3.1 Effective Field Theory formalism

Upcoming, high precision cosmological observations are expected to shed light on the nature
of gravity on large scales and the physics of DE. Given the plethora of candidate DE/MG,
it is important to adopt a unifying framework that allows for an efficient comparison with
data. To this extent, the Effective Field Theory (EFT) approach is a powerful tool that
provides us with a general, unified description of the late-time DE/MG at the level of the
action [23]. The EFT framework has been originally introduced in Cosmology in the context
of inflation [57-59]. Subsequently, it was applied to quintessence [60] and eventually to
scalar-tensor models of DE/MG [14, 15]. The EFT of DE is formulated in terms of a unifying
action that allows for an efficient and broad sampling of the theory space under general
conditions of stability. It can be used in an agnostic way, with a set of free functions of time
parametrizing theoretically allowed deviations from ACDM; or in a model-specific way, where
the functions are customized to specific models through a mapping procedure. For a detailed
description of this, as well as a complete review of the state-of-the-art constraints on EFT
models we refer the reader to ref. [23].

The EFT formalism allows sampling a large number of different theoretical scenarios, of
increasing complexity. For a first thorough forecast of 21cm intensity mapping constraints
on DE/MG, we start from the subset representing Generalized Brans Dicke (GBD) theories,
which includes f(R) and, more generally, chameleon type theories. In the EFT language, this
class of theories can be explored simply by varying two functions of the scale factor a, which
determine both background and dynamics of linear perturbations. In our analysis, we opt
for the Hubble parameter, H(a) and the conformal coupling Q(a) (see ref. [61] for further
details on the mapping of these theories into EFT of DE and EFTCAMB.). Hereafter, we will
use QFFT(a) to indicate this function, in order to avoid confusion with matter parameters
that we vary in our analysis. This corresponds to assuming a designer approach, in which we
fix the expansion history and explore the space of non-minimally coupled DE/MG models
reproducing it by means of varying the coupling QF¥T(a).” Let us recall that a non-zero

°In the sub-case of f(R) gravity, Q¥FT = df /dR in our convention.



conformal coupling implies a running of the Planck mass which can be alternatively explored
with the function ap; = H 'dIn M}%/dt. Within the context of GBD, we simply have
ay = H 'dIn (1 + QFFT)/dt. We will present constraints on both QFFT and a ;.

GBD models represent a large set of DE/MG models which survive the latest constraints
from the direct detection of gravitational waves, while still displaying an interesting phe-
nomenology at the level of large scale structure [62]. While being relatively simple, they
are still subject to the so-called stability constraints, which ensure that the theory is free
from pathologies, such as ghost and gradient instabilities [63—65]. Imposing such conditions
correctly is of crucial importance when studying EFT models in an MCMC framework,
in order to select the correct parameter space volume. In the EFTCAMB/EFTCosmoMC codes
routines to check the stability of a model are already implemented. In the following, we refer
to these as viability conditions [16, 18].

2.3.2 Selected models and their latest constraints

Let us outline the models that we consider for our analysis with the Py (k) likelihood while
reviewing the most recent constraints on them. Our results relative to each scenario are
discussed in section 3.

We start by analyzing the ACDM case, for which theoretical predictions of the 21cm
power spectrum at different redshifts are shown in figure 1. We also consider the wCDM
model, one of the simplest extensions to ACDM, where the DE equation of state parameter
w is constant but different from —1, as it is the case for ACDM. No conformal coupling in
this case. These two cosmologies are our starting point, on top of which we then turn on
the conformal coupling, exploring different choices. Since we work in the designer approach,
where we have fixed H(a), we can focus on the effects of the coupling on perturbations.

We explore different choices for Q"1 (a), adopting parametrizations that have been
already explored in the context of different observables. This allows us to draw a more
meaningful comparison of the constraining power of Py (k) with other probes. We start with
the linear case, for which QFFT (q) is:

QFFT(q) = QFF T, (2.9)

where Q5T is a constant and all other second order EFT functions are set to zero. As it
was shown in ref. [17], the viability conditions require a non-negative QF*T, i.e. QFFT > 0,
both in the case of a ACDM and wCDM background. We recover the ACDM limit when
QFFT — 0. We refer to this model as pure linear EFT. The parameter QFFT has been
constrained to be Q5T < 0.043 (95% CL) on a ACDM background, from Planck 2015 TT,
TE, EE power spectra combined with BAO, Supernovae and Hj priors data sets [66]. On a
wCDM background, instead, the constraint Q5" < 0.058 (95% CL) was found from Planck
2013 TT power spectrum and lensing data combined with BAO observations [17]. Both the
matter power spectrum and the growth rate depend on QgF T thus the 21cm power spectrum
is expected to be sensitive to this parameter as well.
Another interesting parametrization is the exponential one, i.e:

QT (a) = exp(Q5FTa?) — 1. (2.10)

It is possible to see that this model has a simple mapping into the alternative parametrization
referred to as the a-basis [67], of which we discussed the first function, aps. Namely, it
corresponds to a non-minimally coupled model in which the kinetic braiding and conformal



PARAMETER PRrIOR PARAMETER PrIiOR PARAMETER PRIOR
Qh? ... [5x1072,01] |7 cevrrnnn.. [0.01,0.8] | wp «vvnnn... [—1,0]
Qch? ..., (0.1 x 1072,0.99] | In(4s) ..... [1.61,3.91] | QFFT ... .. [—1,1]
1000pc - . .. [0.5,100] Mg wvvvnnnn [0.8,1.2] | B cevrnnn... [0, 3]

Table 2. Adopted flat priors on cosmological and pure EFT parameters.

coupling are related in a simple way, i.e. ap = —ajs, and ag is determined by the background,
i.e. it is a function of H and ajs [66]. The function as evolves as:

oy = a,a’, (2.11)

where we identify oz?\/[ = QFFT 3. We refer to this model as pure exponential EFT.

The latest, most stringent constraints on the exponential model are a(])\/[ < 0.062
(95% CL), and 8 = 0.92+333 (68% CL), from Planck 2015 data combined with BAO and
Supernovae datasets on a ACDM background [66]. From Planck 2018 data, instead, a mild
(1.6 o) preference for a negative running of the Planck mass has been observed [1].19 Con-
straints computed from Planck 2018 TT, TE, EE power spectra, lensing and low polarization
CMB data are Q§FT = —0.0499-937 (68% CL), o9, = —0.0407094 (68% CL), 8 = 0.72+5-38
(68% CL).

Our predictions of Py (k) for a wide range of values are shown in figure 3, where
we observe that the 21cm power spectrum is sensitive to variations in the EFT parameters.
At small scales and redshift z = 0.39, the amplitude of Py (k) is rescaled for different values
of QFFT. This is the range of scales we investigate, as described in section 2.2.1. Variations in
this regime are at the level of 1 — 40% (continuous lines), up to more than 100% for negative
values of QOEF T (dashed lines). At large scales, instead, we observe a transfer of power, but
it is not possible to probe this regime with current experiments. The behavior of P (k) for
EFT models is induced mainly by the matter power spectrum Py, (z, k). In the Py (k) model
of eq. (2.2), the only quantities sensitive to EFT modifications are Py(z, k) and f(z), which
origins an overall rescaling. Thus, if we have a good estimate for the astrophysical quantities
that enters in the Py(k) model, e.g. the brightness temperature, we expect that the Po;(k)
may be useful to constrain these kind of EFT models.

EFT
QO

In figures 4 and 5, we compare EFT modifications to P»;(k) and fog with the mock
data sets we construct in sections 2.2.1 and 2.2.2 respectively. With the errorbars shown we
expect the Pa(k) likelihood to be sensitive to EFT modifications. We stress that the current
constraints from CMB data on EFT parameters limit Q5T to be QFFT < 0.1 (green lines).
EFT modifications for QFFT < 0.1 fall within the errorbars of the mock data. We discuss the
implications of this feature in section 3.2.

When performing MCMC analyses for the models outlined above, we vary the six
cosmological parameters {Qh?, Q.h2, 10000, T, As, ns} and the EFT parameters describing
each EFT models. Results for all other quantities, such as Hy and og, are derived from
constraints on the free parameters. If not explicitly stated, we consider the flat priors listed
in table 2.

0T his preference is reduced to < 1o, with the inclusion of the BAO and weak lensing datasets.
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Figure 3. Upper panels: linear power spectra for the 21cm signal for ACDM and several pure EFT
models, described by different values of the parameter Q5FT. Lower panels: percentage deviations from
ACDM predictions, computed as (PEFT — PACPM) x 100/ PCPM. We show theoretical predictions
at redshift z = 0.39 for a pure linear EFT model (left panel) and an exponential one with fixed
B =1 (right panel). For the linear case we consider Q§*T = 0.01, 0.1, 0.5, 1, while for the exponential
QOFFT = 40.01, £0.1, £0.5, £1. The other cosmological parameters are set to the assumed fiducial
cosmology values.

2.4 CMB data sets

For a complete analysis of the efficacy of the P (k) likelihood, we also investigate the implica-
tions of using it combined with CMB observations. We work with the Planck measurements
from the 2018 data release [1]. In particular, we include the high-¢ TT, TE, EE lite likelihood
in the interval of multipoles 30 < ¢ < 2508 for TT and 30 < £ < 19696 for TE, EE. Lite
likelihoods are calculated with the P1ik lite likelihood [68]. Instead for the low-¢ TT power
spectrum we use data from the Commander component-separation algorithm in the range
2 < £ <29. We stress that we always include the low-£¢ likelihood, even when not explicitly
stated. We adopt also the Planck CMB lensing likelihood and the low EE polarization power

spectrum, referred to as lowE, in the range 2 < £ < 29, calculated from the likelihood code
SimA11 [69].

- 11 -
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Figure 4. Linear power spectra for the 21cm signal for ACDM and several pure EFT models, described
by different values of the parameter QF¥™. We show theoretical predictions at redshift z = 0.39 for a
pure linear EFT model (left panel) and an exponential one with fixed 8 = 1 (right panel). For the linear
case we consider QFFT = 0.01, 0.1, 0.5, 1, while for the exponential QFFT = +£0.01, 0.1, 0.5, £1.
The other cosmological parameters are set to the assumed fiducial cosmology values. Black points
with errorbars are the mock data set we construct in this work, as described in section 2.2.1.

0.8 ACDM QFFT — 1 |
QFFT = -1 QEFT = 0.5
QT =—-05 QFFT = 0.1
0.6} OFFT = —0.1 QT = 0.01 H
— QFFT = —0.01
N
0
S
T 0.4fF N .
0.2r . _
0 1 2 3 4 )

Figure 5. Theoretical predictions for the quantity fos. We show the redshift evolution of fog for
different models, i.e. ACDM, a pure linear EFT model described by Q5T = 0.01, 0.1, 0.5, 1 (solid
lines), a pure exponential EFT model with QF¥T = —0.01, —0.1, —0.5, —1 and 8 = 1. The black data
point with error bars at z = 0.39 is the one given in table 1. The other cosmological parameters are

set to the assumed fiducial cosmology values.
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PARAMETER Planck 2018 Planck 2018 + P Py P>1 + background

QWh2 ... 0.02237 + 0.00014  0.02236 4 0.00011 (—24%) 0.038 +0.015  0.0226 + 0.0035
Qh2 ... 0.1201 £ 0.0012  0.12004 + 0.00046 (—61%)  0.16270:059  0.1227 + 0.0081
N oveennnn 0.9650 + 0.0041  0.9651 & 0.0031 (—25%) < 1.10 0.95110572
Hy ....... 67.32 4 0.53 67.32 + 0.16 (—69%) > 57.8f 67.1+1.3

Table 3. Marginalized constraints on cosmological parameters at the 68% confidence level for a ACDM
model. 95% confidence levels are marked with T. Deviations in the error with respect to Planck 2018
results are shown in brackets. Here the label Planck 2018 stands for TT, TE, EE + lowE + lensing,
while the label Pp1(z = 0.39) stands for the 21cm power spectrum likelihood at redshift z = 0.39.
The label background represents the additional background likelihood described in section 2.2.2. Full
constraints available in tables 7.

3 Results

In this section, we illustrate the results obtained for the models outlined in section 2.3.2. We
present constraints on cosmological and EFT parameters from several different data sets. On
the one hand, we test the effect of 21cm data alone. On the other, we analyze the impact
of adding P»1(k) to CMB observations. We refer to appendix B for tables showing the full
results of our analyses, i.e. the complete sets of constraints on all the model parameters.

3.1 ACDM reference results

We begin by testing the constraining power of the mock data set we constructed. We constrain
cosmological parameters for ACDM using the P (k) likelihood alone and combined with the
background likelihood (see section 2.2.2). Results of this first analysis are shown in figure 6
and table 3. As one could expect, Py (k) alone is not able to constrain all the six cosmological
parameters at once and some of them remain completely unconstrained. However, fixing 7
to its fiducial cosmology value, resulted to be enough to reach numerical convergence and
obtain broad constraints. Looking at the 2D contour in figure 6, we can observe a clear
positive correlations between Q.h? and Hy. We anticipate that this feature will be pivotal
when combining P (k) with CMB data.

This correlation is almost completely removed when we combine Po; (k) with the back-
ground likelihood, i.e. including the three more data points on fog, H and D4. In this case
we obtain significantly tighter and smoother posterior distributions, as shown in figure 6 and
we obtain a competitive error on the estimate of Hy, i.e.

Hy=67.1+ 1.3 km s™'Mpc ™. (3.1)

Thus, we observe that 21cm observables alone can constrain Hy with an error comparable to
measurements obtained from other probes [8]. E.g. early time probes constrain Hy with an
error of ~ 1.2 km s~ *Mpc ™!, from the Dark Energy Survey observations combined with BAO
and BBN data [2]. Once the impact of P (k) alone is established, we turn to combine Py (k)
with Planck 2018 CMB data. Marginalized posterior distributions are shown in figure 7, while
constraints are listed in table 3. We find that adding P, (k) significantly improves on the
constraints produced by Planck data alone, reducing the error on cosmological parameters by
at least ~ 10% to ~ 70%. The maximum effect is obtained for Q.h% and Hy. With Planck
data we obtain oq_j2 = 1.2 x 1073, and o, = 0.53, while adding the P» (k) likelihood the
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Figure 6. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological parameters for a ACDM model. Here the label Ps;(z = 0.39) stands for the 21cm power
spectrum likelihood at redshift z = 0.39, while fog + H + D 4 represents the additional background
likelihood described in section 2.2.2 and computed at the same redshift z = 0.39. We consider the
parameter 7 fixed to the fiducial cosmology value, i.e. 7 = 0.0543.

errors reduce to oq_p2 = 4.6 x 10~% and oy, = 0.16. The percentage reduction is of the 61%
and the 69%, respectively.

Comparing the 2D contour plots of figures 6 and 7, we observe that Q.h? and Hy are
correlated both using Ps; (k) or Planck data alone. Nevertheless, the correlation appears to
develop along two orthogonal directions for the two data sets. When using the data sets
combined, the contour reduces to the intersection of these two regions, thus producing very
tight constraints on Q.h? and Hy. Therefore, the Py (k) likelihood performs as expected,
i.e. it provides complementary correlations to that of CMB and remarkably improves on
the constraints.

Although we do not show results here, we tested the effect of adding separately the
BAO data from refs. [70-72] and the background likelihood of section 2.2.2. We observe no
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Figure 7. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological parameters for a ACDM model. Here the label Planck 2018 stands for TT, TE, EE
+ lowE + lensing while the label Py (z = 0.39) stands for the 21cm power spectrum likelihood at
redshift z = 0.39.

significant impact when we both use the background with CMB data and combine BAO with
P51 (k) data alone and with Planck + Pa; (k).

3.2 Pure EFT models on a ACDM background

After having established the constraining power of the 21cm signal, we study its impact on
beyond ACDM theories. We consider the pure EFT models on a ACDM background, which
are described in section 2.3.2. We test three different scenarios: i) the pure linear EFT model,
i7) the pure exponential EFT model, iii) a pure exponential EFT model for which we allow a
negative running of the Planck mass. Results are shown in figures 8, 9 and table 4.

As a first check, we compute constraints from P51 (k) alone. As before, in this analysis,
7 is kept fixed to its fiducial cosmology value. We observe that the state-of-the-art mock
uncertainties still provide a weak constraining power for these models and the EFT parameters
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Figure 8. Joint constraints (68% and 95% confidence regions) on cosmological and EFT parameters
for a pure linear EFT model on a ACDM background. Here the label Planck 2018 stands for TT, TE,
EE + lowE + lensing while the label P21 (z = 0.39) stands for the 21cm power spectrum likelihood at
redshift z = 0.39.

appear to be loosely constrained. As displayed in table 4, for both the pure linear and
exponential EFT models we find QFT to be unconstrained. The best result is achieved on
the parameter § describing the exponential EFT models. P»;(k) alone is able to constrain
with slightly broader error with respect to the one we obtain from Planck data. Moreover, we
observe that adding the background data slightly improves the results on the EFT parameters,
although with no significant impact. This is consistent with the fact that we assume a designer
approach, where we parametrize independently the background and the EFT functions.
Consequently, adding information on the background does not have a direct impact on EFT
parameters constraints. We conclude that the mock data set we constructed for the redshift
bin z = 0.39 exhibits a limited constraining power on the EFT parameters. However, we
anticipate that future tomographic observations at multiple redshifts could significantly help
to increase the constraining power of this observable alone on EFT parameters. We further
discuss this claim in section 3.5.

We proceed by combining P (k) with the latest Planck 2018 CMB observations. Overall,
we observe that constraints on cosmological parameters remain unaffected compared to the
ACDM case. Furthermore, adding P»; (k) produces an improvement on EFT parameters at
the level of 1 — 18%. In the following we discuss results for each pure EFT model individually.

First, for the linear model from Planck data alone we constrain Q5T to be:

QFFT < 0.035  (95% CL), (3.2)

as we can see in table 4. This upper limit improves on previous results in literature (Q5%" <
0.043), which were produced using Planck 2015 data sets and an older version of the code
EFTCAMB (see section 2.3.2). When we add the P (k) likelihood, we get:

QFFT < 0.031  (95% CL), (3.3)
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PARAMETER Planck 2018  Planck 2018 + P»; Py P>y + background

QFFT < 0.035f < 0.0317 (=11%) — —

Hy oo, 67.2140.55 67.33+0.17 (—70%) > 57.7f 67.0+1.3
Exponential EFT

QFFT < 0.036f < 0.034" (=5%) — —

B oo 0.9675:24 0.9779%8 (—1%)  1.30 +0.57 12019538
o < 0.045 < 0.044" (—3%) < 1.897 < 1.72f
Hy oo 67.20 4 0.55 67.34+0.17 (—69%) > 64.3 66.9 + 1.3

Exponential EFT

negative running .....

QFFT —0.09415-570 —0.075709% (—7%) — 0.1975:59

B, 1.281059 L4108 (—18%) 1.21%9:57 1.38 £0.55
o —0.13310 0% —0.1177042, (=3%)  0.31753] 0.36 + 0.80
Hy oo, 68.03£0.66 67.36 £0.18 (~73%) > 56.31 67.04 1.3

Table 4. Marginalized constraints on cosmological parameters at the 68% confidence level for pure
EFT models on a ACDM background. 95% confidence levels are marked with , while the symbol —
means that we do not find any constraint. Deviations in the error with respect to Planck 2018 results
are shown in brackets. Here the label Planck 2018 stands for TT, TE, EE + lowE + lensing while the
label Ps; stands for the 21cm power spectrum likelihood at redshift z = 0.39. The label background
represents the additional background likelihood described in section 2.2.2. Full constraints available in
tables 8, 10, 11, 12.

which improves the constraint from Planck alone at the level of 11%. Contour plots are shown
in figure 8. We can observe that adding P»;(k) has a mild effect on removing the correlation
between Q5FT and some of the cosmological parameters, e.g. .h2.

Second, as shown in table 4 for the pure exponential EFT model we obtain constraints
from Planck 2018 data alone which are compatible with previous results in literature, produced
with Planck 2015 data as before (see section 2.3.2). Adding P51 (k) provides similar effects as
for the linear model. With P (k) + Planck we obtain:

QFFT < 0.034 (95% CL),
B =097  (68% CL), (3.4)
a9, < 0.044 (95% CL),

Note a 5% reduction of the upper limit on Q§FT, and consequently on ozg)\/[, with respect to
Planck data alone. Instead, constraints on the parameter § appear to be unaffected when
we add Py1(k).!! Contour plots are shown in figure 9 (left panel). As for the linear case, we
notice a small reduction of the correlation between QOEFT and Hy. The characteristic shape of
the 8 — a?\/[ contour is mainly set by viability requirements, which sharply cut the samples at
B ~ 1.6. For lower values of 3, the MCMC samples converge towards Q5T = 0, resulting in

1Notice that the posterior distribution of the parameter 3 is asymmetrical resulting in different confidence
levels above and below the mean value. When we compute percentage deviations between different results, we
compare the mean of the upper and lower errors. We do so for all asymmetrical constraints.
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Figure 9. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological and EFT parameters for a pure exponential EFT model on a ACDM background
(left panel). We show also results for the same model for a negative running of the Planck mass
(right panel). Here the label Planck 2018 stands for TT, TE, EE + lowE + lensing while the label
Po1(z = 0.39) stands for the 21cm power spectrum likelihood at redshift z = 0.39. Q5T — 20 mark
the constraints obtained from a new mock data set constructed setting Q5FT 20 away from the Planck
estimate. Le., we set QFFT = —0.178, 20 away from the Planck constraints, and 3 = 1.28, its Planck
constraint. These values are marked with gray lines in the right panel plots.

an elongated shape of the contour. This is an attribute of the functional form of the EFT
function QFFT(a). According to eq. (2.10), when Q" = 0, i.e. in the ACDM limit, also
OFFT(q) = 0 for any value of 3. Thus, near the ACDM limit 3 is unconstrained and the
MCMC samples populate all the values allowed by viability conditions. We can observe this
property for all the exponential models, i.e. in both the left and the right panels of figure 9.

Lastly, we tested the case of a pure exponential EFT model where we allow negative
values of the function QFFT. This scenario corresponds to a negative running of the Planck
mass. From Planck 2018 data we find

QFFT = —0.094700%5  (68% CL),

ol =—0.133104%s  (68% CL), (3.5)
B =1.287956 (68% CL).

Compared with state-of-the-art constraints for the same data sets reported in section 2.3.2,
our results present slightly different features, although we check that they carry the same
statistical significance. y? deviations with respect to the ACDM constraints are comparable.
We find Ax? = x3cpy — Xapr = —4.4 to be compared with Ax? = —4.3 found in ref. [1].
Moreover, the significance of the deviation from QgF T =0, being 1.30, is the same for our
results and results in literature. The disparities that we find could be caused by a different
choice of viability conditions. E.g., for Q¥ it may be that we allow to sample a larger
portion of the parameter space resulting in different but statistically equivalent constraints.
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As presented in table 4, when we add Py (k) we find

QFFT = —0.075700%8  (68% CL),
afy = —0.1174342,  (68% CL), (3.6)
B=1417518 (68% CL),

with a reduction on the errors at the level of 7% on QEFT and 18% on 3. In the contour plots
of figure 9 (right panel), we observe the full shape of the 3 — a, confidence region.

Compared with the results in the left panel, the sharp cut-off at 8 ~ 1.6 here disappears,
given that we relax some of the viability conditions. This allows us to reconstruct the full
shape of the posterior distribution for higher values of 8. For lower values of 3, instead, we
observe the clustering of the samples along the QOEF T = 0 axis, as for the case with stronger
viability conditions shown in the left panel. This feature impairs the contour on Q5" pushing
it towards the ACDM limit. Knowing or fine-tuning $ a priori would remove these artificial
effects, and it could significantly help in better constraining QFF . We highlight that for the
time being we do not introduce weak lensing data, which should move the constraints to the
ACDM limit, as one can observe in ref. [1].

The significance of the deviation from zero for the data sets Planck 2018 + Po;(k) is
1.20, slightly lower than the value obtained with Planck data alone. From this, we may infer
that the 21cm signal seems to bring back Q5T to its ACDM limit. However, this feature is
caused by the choice we made for the central points of the mock data set for Py;(k), that we
generate assuming a ACDM cosmology.

In order to test this statement, we conduct a further consistency check for our mock
data set for the pure exponential EFT model with negative values of QFFT. We consider
a new mock data set with the same errors, but different central points. To generate such
points we use the predicted Py (k) power spectrum for an exponential EFT model described
by the parameter QOEFT = —0.178, which is 20 away from the mean value of the Planck
constraint, taken from table 4. We set 5 and all the other cosmological parameter to their
Planck constraint. Results are shown in the right panel of figure 9. For Planck 2018 + Py (k)
likelihood computed on this new data set, we find Q5T constrained to be

QT = —0.10975:071  (68% CL). (3.7)

While the error on Qg“F T remains unchanged, this estimate appears to be away from 0 at the
level of 1.50, to be compared with the previous 1.30 from Planck 2018 data. The contour in
the 8 — a9, confidence region (figure 9, right panel, cyan contour) is significantly reduced with
respect to the previous case (blue contour). Assuming that one could place a prior or fix (3
and remove the artificial clustering around the Q§¥T = 0 axis, the significance of the deviation
from the ACDM limit would increase remarkably. Thus, if P»;(k) data would prefer an EFT
Universe, we should be able to detect and distinguish it from ACDM. The constraints on the
EFT parameters (55", 3) appropriately decrease when using the EFT mock dataset, while
the cosmological parameters (Q.h%, Hy) show only mild improvement, remaining equivalent
to that of Planck constraints. Essentially, the Ps; (k) mock modelled around ACDM, aids to
bring the constraints closer to Planck constraints for all the parameters. While the Py (k)
modelled around the EFT, as expected, provides better agreement with the Planck constraints
on the cosmological parameters and additionally shows improvement for the EFT parameters.

In conclusion, we notice that the conformal coupling characteristic of GBD models,
explored here with the pure EFT approach, is sensitive to 21cm signal observations. However,
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Figure 10. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological parameters for a ACDM model. We open the parameter space to the two nuisance
parameters a7, and by, i.e. the amplitude of the brightness temperature and the HI bias. We study
different configurations: both the parameters are fixed, one is free the other is fixed, they are both
free. Here the label Planck 2018 stands for TT, TE, EE + lowE + lensing while the label P;; stands
for the 21cm power spectrum likelihood at redshift z = 0.39.

the constraining power of a realistic mock data set is still limited by the capability of state-of-
the-art instruments. When used without other probes like the CMB, the Ps; (k) likelihood
shows a mild constraining power. When combined with CMB measurements, results are
dominated by the more comprehensive Planck 2018 data sets. In this framework, the realistic,
MeerKAT-like, single bin P (k) likelihood improves the constraints on EFT parameters at
the level of ~ 10%. We expect that adding tomographic observations of Po; (k) for multiple
redshift bins would improve the constraining power of this new observable, as we examine in
section 3.5.

3.3 Adding likelihood nuisance parameters

When modeling P;(k) we keep both the bias byr and the amplitude of the brightness
temperature a7, fixed to their ACDM limit, lacking a theoretical prediction of how these
two quantities might change for beyond ACDM scenarios. See ref. [31] for this type of
computations. This assumption is accurate enough for our purposes since we expect to detect
small variations from ACDM.

In this section we relax this assumption and implement the bias and the brightness
temperature as nuisance likelihood parameters and test their effects on the parameter con-
straints. Note that varying these two quantities correspond to alter the amplitude of the
power spectrum. We compare four different case studies, where: i) we keep fixed both ar,
and by, 74) we vary only by, iii) we vary only ar,, iv)we vary both az, and byr. Confidence
regions and marginalized posteriors are shown in figure 10, but we refer also to figure 16,
in appendix A, and tables 9-12, in appendix B. We start studying the effect of nuisance
parameters using Planck 2018 data + P»;(k) assuming a ACDM universe.
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We observe that adding separately byy or ar, (case ii) and iii)) produces comparable
results. Red contours in figure 10 represent this scenario. We notice that, as expected, the
addition of one nuisance parameter reduces the constraining power of P (k). With respect to
Planck constraints, we observe a reduction of the error at the level of ~ 15%, to be compared
with the ~ 65% that we found with fixed a7, and bg.

When two nuisance parameters are varied (case iv)), we obtain a similar effect on
cosmological parameters, while losing constraining power on ar, and bgr. In figure 10 (orange
contours), we see that the brightness temperature ar, is loosely constrained while the bias by
remains completely unconstrained. In conclusion, although by and ar, are two very different
physical quantities, they have similar effects on the parameter constraints. In the following,
we fix the bias byr and leave the brightness temperature a7, as nuisance parameter.

We have tested the effect of varying a7, on EFT parameter constraints. We find
that, as expected, adding a nuisance parameter reduces the constraining power on model
parameters. When varying ar,, we observe it to be mildly correlated with EFT parameters
(see appendix A).

3.4 Results for a wCDM background

We now turn our attention to EFT models on a wCDM background. We would like to test
the impact of the Py;(k) likelihood in a more complex framework, in which we open the
parameter space to the DE equation of state parameter wg. We highlight that throughout
this analysis we always vary a,, the amplitude of the brightness temperature along with the
other cosmological parameters, as discussed in 3.3. Using P»;(k) alone and with background
data we find broad constraints, comparable with the ones described above in section 3.2. In
the following we focus on constraints obtained combining the Py (k) likelihood with CMB.
We refer to appendix B for the complete set of constraints.

First, we test the effect of Py (k) for a simple wCDM model, i.e. we only add a constant
wy to the parameter space. As shown in figure 11 and table 5, Py (k) data significantly reduces
the error on wy and consequently on Hy and og. E.g., on wy we obtain an improvement of
53% on the upper limit found from Planck data alone. Given that wq is degenerate with both
Hjy and og, this translates into a reduction on the errors on these parameters at the level of
50% and 40% respectively. Adding Py (k) reduces the degeneracy between wy and the other
parameters. Notice that, the improvement on cosmological parameter errors is compatible
with the results we obtained for ACDM with a7, as nuisance.

We show results for EFT models in figure 12 and table 5. We test the linear and the pure
exponential EFT models. Overall, the improvement brought by P»;(k) on wg and derived
parameters is compatible with results for the vanilla wCDM case. For the linear model, we
obtain the upper limit:

QFFT < 0.034  (95% CL), (3.8)

from both Planck 2018 data with or without the addition of P (k) Note that this constraint
significantly improves over previous results in the literature(Q25" 1 < 0.058), computed form
Planck 2013 [73] and WMAP [74] data sets and without polarization data (see section 2.3.2).
Although adding Ps (k) does not impact on the upper limit on Q5T in the contours (left panel
of figure 12) we observe that it reduces the correlation between QFFT and other parameters.
For the exponential model, instead, adding P»; (k) reduces the errors on EFT parameters at
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Figure 11. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological parameters for a wCDM model. Here the label Planck 2018 stands for TT, TE, EE +
lowE + lensing while the label Py (z = 0.39) stands for the 21cm power spectrum likelihood at redshift
z = 0.39. We vary the nuisance parameter ar,, i.e. the amplitude of the brightness temperature,
keeping fixed the HI bias byy.

the level of 5 — 7%, as presented in table 5. For Planck 2018 + P»; (k) we find:

QFFT < 0.047 (95% CL),

3.9
B=179"01,  (68% CL). (3.9)

In the 2D contours (right panel of figure 12) again we notice that P51 (k) helps removing the
correlation between EFT and cosmological parameters. We highlight that the confidence
regions in the plane Q5T — 3 here do not show the cut-off for 3 ~ 1.6, that we found for the
same model on a ACDM background. This means that when we add wqg to the parameter
space, a wider region is allowed by viability conditions and we are able to reconstruct the
contour for higher values of 3. Note that viability conditions are responsible also for the
skewed elongated posteriors that we observe in figure 12. As before (see figure 9), the samples
are clustered along the QFFT = 0, due to the modeling we consider.
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Figure 12. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological and EFT parameters for a pure linear EFT model on a wCDM background (left panel).
We show also results for a pure exponential EFT model (right panel). Here the label Planck 2018
stands for TT, TE, EE + lowE + lensing, while the label Py;(z = 0.39) stands for the 21cm power
spectrum likelihood at redshift z = 0.39. We vary the nuisance parameter ar,, i.e. the amplitude of
the brightness temperature, keeping fixed the HI bias by;.

On a wCDM background evolution the major impact of the Py (k) likelihood is to reduce
the estimate on the equation of state parameter wg, and consequently on Hy and og. For
EFT models, Py (k) produces results similar to what we found for the ACDM background.
Le., the P»;1(k) likelihood has mild constraining power on the EFT parameters and it helps in
reducing the degeneracy with the other model parameters.

3.5 Tomography

In the results above we explored the constraining power of a realistic P, (k) mock data set at
the redshift z = 0.39, with conservative error bars. In this section, instead, we would like
to test a more ideal case, by exploiting the tomographic nature of 21cm intensity mapping
observations. To this end, we construct new mock data sets with multiple redshifts and we
investigate how this improves on the constraints for beyond ACDM models.

We add to the mock data at z = 0.39 four new mock P51 (k) measurements at redshifts
z = 0, 0.53, 0.67, 2.5, that we add to the one at z = 0.39 in the likelihood. We consider
observations in different redshift bins to be independent. The errors for the bins z = 0,
z = 0.53 and z = 0.67 forecast plausible MeerKAT-like observations and they are constructed
with the same technique of section 2.2.1. For the bin at z = 2.5 we assume to have an
observation of Py (k) from the extended HIRAX experiment, as in ref. [41]. For this bin we
use the errorbars adopted for the data set at redshift z = 0.67. For all bins, we consider also
a more optimistic case, i.e. we halve the errors on each point.

Central points in the data sets are generated from theory predictions and then randomly
displaced, as we did for the data set at z = 0.39 in section 2.2.1. For all the five bins, we

construct two data sets: PyPM and PEFT. For P“PM | the theory we use to generate central
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PARAMETER Planck 2018 Planck 2018 + Py
wCDM ..............

WO o vveeeeeeeeennns < —0.761 < —0.89" (—53%)
Hy oo, 64.67%7 66.170 2 (—50%)
08 o 0.787+39%  (.79970-018 (—40%)
Linear EFT .........

WO oo —0.92570020  —0.96010015 (—41%)
QFFT < 0.0341 < 0.0341

Ho oo 64.9724- 66.1752, (—44%)

0.028
—0.91177 054

—0.95370 01 (—47%)

QFFT < 0.0517 < 0.047" (=7%)
B o — L7975 (—5%)
Hy oo, 64.6722 66.01 0%, (—49%)

Table 5. Marginalized constraints on cosmological parameters at the 68% confidence level for pure
EFT models on a wCDM background. For wCDM the equation of state parameter is wg > —1. 95%
confidence levels are marked with T, while the symbol — means that we do not find any constraint.
Deviations in the error with respect to Planck 2018 results are shown in brackets. Here the label
Planck 2018 stands for TT, TE, EE + lowE + lensing while the label P»; stands for the P»; likelihood
at redshift z = 0.39. Full constraints available in tables 9-12.

points is our ACDM fiducial cosmology. For PjiF'T, instead, we consider an exponential pure

EFT model, in which Q§¥T is 20 away form the Planck constraints, as in section 3.2 and
figure 9. Le., we fix the EFT parameters to 3 = 1.28 and QF¥'T = —0.178, while we leave the
cosmological parameters to their fiducial value.

We compute constraints from both the PjCPM and the PEFT likelihood, which we use
alone and combined with Planck 2018 data. We compare results from the realistic single bin
at z = 0.39 with ideal tomographic data set constructed with all five bins combined and with
halved errors. We test a pure exponential EF'T model with negative running of the Planck
mass. The analysis conducted here is similar to the one of section 3.2 and figure 9. However,
here we vary the amplitude of the brightness temperature ar, as nuisance, while in figure 9
ar, is kept fixed. Results are shown in figures 13, 14, 15 and table 6.

Most of the constraining power comes from the redshift bins at z = 0, 0.39, 2.5. This is
because the mock data at the intermediate redshifts are constructed assuming a MeerKAT-like
single dish experiment with large error bars due to the A\/D scaling of the primary beam.
In figure 13, the constraints from the P»;(k) likelihood alone are shown for both PiFT (left
panel) and PACPM (right panel). We observe that the largest improvement in the EFT
constraints for the Py (k) likelihood is coming from tomography alone, while the inclusion
of the background (orange dotted lines) has no significant impact on the EFT parameters
posteriors. Compared with the very loose constraint from the single bin (gray dashed lines),
with tomography the QOEFT and § parameters are found to be more tightly constrained. The
effect is more significant for QF*T and it is maximized when we halve the error bars. Note
that tomography influences also the cosmological parameters. E.g., estimates of Hy and .h?
from all bins with halved errors are of the same order of the results found above for the single
bin combined with Planck.
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Figure 13. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological and EFT parameters. We investigate a pure exponential EFT model on a ACDM
background, with negative running of the Planck mass. We test the effects of tomography by means of
two new 21cm power spectrum mock data sets: PiFT, constructed around an EFT theory described
by QFFT = —0.178 and 8 = 1.28 (left panel), and PH“PM, constructed around our fiducial cosmology
(right panel). We compare the constraining power of a single bin (z = 0.39) with the five bins at
z =0, 0.39, 0.53, 0.67, 2.5 combined (all bins) and this same set with halved error bars. The label
fos + H + D4 represents the additional background likelihood described in section 2.2.2. We vary
the nuisance parameter ar,, i.e. the amplitude of the brightness temperature, keeping fixed the HI
bias bH[.

In figure 14 constraints from tomographic measurements of Py (k) combined with Planck
are presented. As above, compared with the single bin, tomography significantly reduces the
errors on both EFT and cosmological parameters (see table 6). With tomography, deviations
in the errors form Planck alone results for Q5T and 3 increase up to the level of —35%, to be
compared with the less than —10% found with the single bin only. The effect is even stronger
for cosmological parameters. For Hy and Q.h? from Planck combined with tomography
with halved error bars, we observe a reduction of the error with respect to Planck at the
level of ~ 65%. These improvements are comparable with the results from the analysis of
sections 3.1 and 3.2, with no nuisance parameters, that, instead, are varied here. Looking at
the 2D contours of figure 14, we recognize the characteristic elongated shape in the plane
B — Q5T that we discussed in section 3.2. Here, we find a much broader confidence region,
due to the fact that we vary the nuisance parameter ar,. Adding tomography further reduces
the correlation between Hy and Q.h?, resulting in the tight constraints described above.

Lastly, we observe that constraints from PEFT (left panels) and PyCPM (right panels) are
consistent. The two mock data sets produce similar errors with different mean values, as one
would expect. By comparing results from the P5F' and P2A10DM data sets, we assess if with
the Py (k) likelihood an EFT universe would be distinguishable from a ACDM one. We recall
that the ACDM limit for the considered EFT model is Q5T = 0, while 3 is allowed to assume
any value. This gives rise to the clustering of the samples along QOEFT =0 in the QEFT -p
confidence regions, which, in turn, drives all the contours to be compatible. However, we
expect that placing a stronger prior on 5 could remove this effect, as discussed in section 3.2.
We test this hypothesis by placing a narrow hard prior on 3, i.e. 8 € [1.2,1.4], and looking at
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Figure 14. Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions
on cosmological and EFT parameters. We investigate a pure exponential EF'T model on a ACDM
background, with negative running of the Planck mass. We test the effects of tomography by means of
two new 21cm power spectrum mock data sets: PiFT, constructed around an EFT theory described
by QFFT = —0.178 and 8 = 1.28 (left panel), and PH“PM, constructed around our fiducial cosmology
(right panel). We compare the constraining power of a single bin (z = 0.39) with the five bins at
z =0, 0.39, 0.53, 0.67, 2.5 combined (all bins) and this same set with halved error bars. We use the
21cm power spectrum likelihood combined with Planck observations. The label Planck 2018 stands
for TT, TE, EE + lowE + lensing. We vary the nuisance parameter ar,, i.e. the amplitude of the
brightness temperature, keeping fixed the HI bias by;.

the modifications in the QOEFT marginalized posterior. Results are shown in figure 15. The
significance of the deviation from the ACDM limit (gray dashed line), is 1.40 for PjCPM
(green line) while it is 3.80 for PiiFT (cyan line), where we considered the tomographic data
sets with halved errors. The error on Q5T is now the same for both the data sets and the two
posteriors are 2.40 away from each other. For the single bin P3FT (2 = 0.39) with no nuisance
parameter (red dashed line), that we presented in figure 9, the deviation from QOEF T =0
is even more significant, being 4.50. This implies that the constraints on the EFT models
obtained using realistic Py (k) data could greatly benefit from knowing the amplitude of the
brightness temperature a priori, even in comparison with a more optimistic (halved errors)
tomographic data set. This, in turn, reasserts the utility of the future, tomographic P» (k)
data in detecting beyond ACDM models.

4 Summary and conclusions

In this work we construct a new likelihood function to compute constraints from observations of
the 21cm signal power spectrum, measured through intensity mapping techniques. We extend
the public available codes EFTCAMB/EFTCosmoMC [16-18] by implementing a new likelihood
module fully integrated with the original codes.

As described in sections 2.1 and 2.2, we model the power spectrum of the 21cm signal
P51 (z, k) as in refs. [29, 37, 44]. Then, we build a realistic mock data set of forecasted P»;(z, k)
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Planck 2018 Planck 2018 Planck 2018

PARAMETER + PEFT(2 = 0.39) + PEFT(bins) + PEFT(bins) - halved errors
Q... 0.1194 + 0.0011 (—22%) 0.12042 4 0.00080 (—43%)  0.12046 =+ 0.00055 (—61%)
QEFT . —0.08610:05¢ (—10%) —0.0790:055 (—26%) —0.10310033 (—35%)
B, 1.287058 (+-4%) 1.087042 (-13%) 1.06703% (~36%)
Hy ..o..... 67.63 & 0.50(—24%) 67.15 4 0.36 (—46%) 67.13 4+ 0.24 (—65%)
Planck 2018 Planck 2018 Planck 2018
PARAMETER  + PACPM (2 =0.39) + PHCPM(bins) + P{CPM(bins)- halved errors
QA2 ... 0.1194 + 0.0011 (—22%) 0.11957 4+ 0.00082 (—41%)  0.11997 = 0.00055 (—61%)
QEFT —0.08670:055 (—10%) —0.06670:057 (—24%) —0.04770097 (—35%)
B 1284058 (+4%) 1181055 (—8%) 1267933 (—5%)
Hy ........ 67.63 + 0.51 (—23%) 67.54 + 0.37 (—44%) 67.36 + 0.24 (—65%)
PARAMETER PJCPM (bins) PEFT (bins) PEFT(bins) - halved errors
QEFT L 0.053199%5 —0.141013 —0.131+9.974
B 1.2615:5 1.1015:39 0.947035
Hy ........ 74.178] 7049 67.321077

Table 6. Marginalized constraints on cosmological parameters at the 68% confidence level. We
test a pure exponential EFT model on a ACDM background, with negative running of the Planck
mass. We test the effects of tomography by means of two new 2lcm power spectrum mock data
sets: PEFT constructed around an EFT theory described by QFFT = —0.178 and 3 = 1.28, and
PACPM | constructed around our fiducial cosmology. We compare the constraining power of a single
bin (z = 0.39) with the five bins at z = 0, 0.39, 0.53, 0.67, 2.5 combined (bins) and this same set with
halved error bars. We use the 21cm power spectrum likelihood combined with Planck observations.
The label Planck 2018 stands for TT, TE, EE + lowE + lensing. Deviations in the error with respect
to Planck 2018 results are shown in brackets.

measurements at redshift z = 0.39. We model such data set mimicking the MeerKAT [38-40]
telescope observations, for which real data will be available in the near future.

We complement our mock Py (k) with an additional likelihood function to include external
21cm intensity mapping forecasts on background quantities. We use results in ref. [41], where
forecasts on fog, H and D 4 are given for an hypothetical HIRAX measurement in the redshift
range 2.5 < z < 5, as outlined in section 2.2.2. We refer to this likelihood as background
likelihood. We further expand the Ps;(k) likelihood to include observations in multiple
redshift bins.

We test the effect of the Pa; (k) likelihood first in a ACDM framework, then on several
beyond ACDM models that we study within the Effective Field Theory (EFT) formalism.
Exploiting the strength of EFTCAMB/EFTCosmoMC, we analyze pure EFT models on a ACDM
and a wCDM background. We consider two different parametrizations of the Q¥ (a) function,
i.e. a linear and an exponential evolution in time.

We conduct a MCMC statistical analysis to obtain marginalized confidence levels and
regions on cosmological and EFT parameters. Constraints are computed from both Py (k)
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Figure 15. Marginalized posterior distributions for the EFT parameter Q5T describing a pure
exponential EFT model on a ACDM background, with negative running of the Planck mass. We test
the effect of adding a stronger hard prior on the parameter 3, which we choose to be § € [1.2,1.4].
We consider tomographic data set with five bins and half errors and compare results from P3FT,
constructed around an EFT theory described by Q5T = —0.178 and 3 = 1.28 (blue line), and Pj°PM,
constructed around our fiducial cosmology (green line). We add also the result for the single bin and
with no nuisance parameters. The gray dashed line mark the ACDM limit for Q5FT, while the shaded
regions correspond to the 1o confidence limit. We use the 21cm power spectrum likelihood combined
with Planck observations. The label Planck 2018 stands for TT, TE, EE + lowE + lensing.

data set alone and combined with Planck 2018 CMB observations [1]. We test also the effect
of adding to P»;(k) alone the background likelihood.

Our main goal is to forecast the state-of-the-art constraining power of the Py (k)
observable on beyond ACDM theories. This is why we mainly focus on the results obtained
with the realistic mock data set at redshift z = 0.39. However, we believe that the tomographic
nature of 21cm signal intensity mapping could be pivotal to constrain DE. Thus, to verify
this claim, we complete our analysis by testing the effects of tomography and constructing an
ideal mock data set of observations at five different redshifts bins.

As discussed in section 3, we find that:

o the mock data set Py(k) at z = 0.39 alone displays a mild constraining power on the
cosmological parameters, which is remarkably improved when we add the background
data set, by forecasted intensity mapping observations at intermediate redshift;

o in a ACDM scenario adding P»;(k) to Planck 2018 CMB data significantly improve the
constraints on Q.h? and Hy, at the level of 61% and 69% respectively, for fixed nuisance
parameters;

o for pure EFT models we observe a mild reduction on the constraints when combining
CMB data with Ps;(k), in the range of 1 — 18%;

o state-of-the-art forecasted data for Py (k) alone are still not able to significantly constrain
pure EFT models. Forecasts in other redshift bins are expected to improve on the
constraining power of P (k) on such models;

o for the pure linear EFT model on a ACDM background we find Q§¥T constrained to be
QFFT < 0.031 (95% CL) for Planck 2018 + P»;(k) data. This constraint improves on
previous results in literature [17, 66];
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o for the pure exponential EFT model on a ACDM background for Planck 2018 + Pa; (k)
we obtain QFFT < 0.034 (95% CL), 8 = 0.97737% and oY, < 0.044 (95% CL). As above,
we improve on previous results in ref. [66];

o for the pure exponential EFT model on a ACDM background with a negative running
of the Planck mass we obtain from Planck 2018 + P (k) the constraints QFFT =
0.063 0.48 0.12
+ adding one nuisance parameter to the P»;(k) likelihood, e.g. the amplitude of the
brightness temperature ar,, reduces the constraining power compared with the case
with no nuisances. Deviations with respect to Planck 2018 results for Q.h? and Hj are
at the level of ~ 15%, to be compared with the ~ 65% found with no nuisances;

o repeating the analysis on a wCDM background and with a nuisance parameter produces
comparable results. The major effect is obtained on wy, Hy and og when P (k) data
are combined with Planck. We obtain an improvement on the errors of these parameters
at the level of 40 — 50%. For the EFT models we find that the P»;(k) likelihood has
mild constraining power on the EFT parameters, when used both alone and combined
with CMB data;

o tomography significantly improves the constraining power of the Py (k) likelihood on
pure EFT models. With five bins combined in the redshift range from z = 0 to z = 2.5,
we are able to constrain EFT parameters for a pure exponential EFT model with
negative running of the Planck mass by means of the Py (k) likelihood alone;

o for the same model, when we combine the tomographic data sets with Planck 2018
CMB data, we find an improvement on the constraints on Q§*T and 8 with respect to
Planck results at the level of the ~ 25% and ~ 10%, respectively. In the ideal case of
halved errors, these values both go up to the ~ 35%, to be compared with the less than
10% found with only one redshift bin.

Overall, in our study we find that, at the current state of observations, the 2lcm
signal power spectrum, measured at one redshift, shows a mild constraining power on the
EFT functions that we tested. We expect, and we verified, that P (k) is sensitive to EFT
parameters. Nevertheless, the one realistic mock data set at redshift z = 0.39 is still too
retained to be able to constrain EFT theories alone. When combined with CMB data,
constraints provided by CMB on EFT parameters are too stringent and current P (k) mock
data do not have a substantial impact. On cosmological parameters, instead, the P»(k)
likelihood proves to be effective in reducing the correlation between Q.h% and Hy when
combined with CMB, thus significantly improving the constraints on cosmological parameters.

We find that the constraining power of P»;(k) on the considered EFT functions is
significantly improved by tomography. With five redshift bins, we are able to constrain the
EFT functions, with P»;(k) alone, and to improve Planck results, with P (k) and CMB
together. For tomographic observations of the 21cm signal, such those that are modelled
here, real observations will hopefully be available in the future. However, our test, although
preliminary, seems to confirm that tomographic 21cm signal detections will help to expand
our knowledge of DE.

In this work we test simple EFT scenarios and validate the new P (k) likelihood code.
This analysis could be the starting point to study the constraining power of 21cm signal
observations on more complex MG/DE models.
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Figure 16. Joint constraints (68% and 95% confidence regions) on EFT and nuisance parameters for
a pure linear (upper row), an exponential (second row) and an exponential with negative running of
the Planck mass (third row) EFT model, on a ACDM background. Here the label Planck 2018 stands
for TT, TE, EE + lowE + lensing while the label P5;(z = 0.39) stands for the 21lcm power spectrum
likelihood at redshift z = 0.39. We test the effects of varying the nuisance parameter ar,, i.e. the
amplitude of the brightness temperature, keeping fixed the HI bias bg;. We observe that ap, is midly
correlated with the EFT parameters.

B Constraints tables

In this section we present marginalized mean values and 68% confidence levels on the full set
of cosmological, EFT and nuisance parameters. In all the following tables the label Planck
2018 stands for TT, TE, EE + lowE + lensing while the label P stands for the Py (k)
likelihood at redshift z = 0.39. The additional background likelihood, i.e. fog + H + Dy,
described in section 2.2.2 and computed at the same redshift z = 0.39 is labeled as background.
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ACDM MODEL - FIXED ar,

PARAMETER Planck 2018 Planck 2018 4+ P»; Py P>1 + background
Qph? ... 0.02237 + 0.00014  0.02236 + 0.00011 (—24%) 0.038 £0.015  0.0226 + 0.0035
Qh? ... 0.1201 +0.0012  0.12004 £ 0.00046 (—61%)  0.1627059 0.1227 £ 0.0081
1000ps¢ 1.04090 + 0.00030  1.04089 + 0.00026 (—13%)  1.0617) 538 1.042 4 0.012
T 0.0543 £0.0075  0.0543 £ 0.0056 (—25%) X X
In(100A,) 3.045 + 0.014 3.044 + 0.012 (—19%) 2.8775-39 3.03710: 058

Mg e 0.9650 +0.0041  0.9651 4 0.0031 (—25%) < 1.101 0.951100%2

Hy ..ooo... 67.32 +0.53 67.32 4 0.16 (—69%) > 57.81 67.1+£1.3

08 wevennnnn 0.8115 £ 0.0060 0.8113 £ 0.0058 (—3%) 0.8157 0555 0.81210-628

Table 7. Constraints tables for a ACDM model, where we fix the amplitude of the brightness
temperature ar,. Marginalized mean values and 68% confidence levels.

EFT MODELS - FIXED aT,

Planck 2018 + P»;

Exponential EFT

PARAMETER Linear EFT Exponential EFT negative running
Dh? ... 0.02237 +0.00011 (—26%) 0.02237 + 0.00011 (—23%) 0.02236 + 0.00011 (—32%)
Qh? ... 0.12003 + 0.00046 (—63%) 0.12002 + 0.00046 (—63%) 0.11995 + 0.00047 (—67%)
1000rrc 1.04090 £ 0.00027 (—11%)  1.04090 £ 0.00027 (—12%)  1.04090 + 0.00028 (—12%)
T, 0.0563 + 0.0059 (—22%)  0.0561 + 0.0059 (—20%)  0.0470 + 0.0076 (—10%)
In(10104;) 3.049 £ 0.012 (—14%) 3.048 £ 0.012 (—14%) 3.027 £0.016 (—6%)

Mg oo 0.9652 + 0.0031 (—24%)  0.9652 +0.0030 (—26%)  0.9653 + 0.0032 (—30%)
QEFT < 0.0309" (—11%) < 0.03431 (—5%) —0.075100% (—7%)
B X 0.97103% (—1%) 1417545 (—18%)

) P X <0.04417 (—3%) —0.11770-82, (=3%)
Hy ........ 67.33 £ 0.17 (—=70%) 67.34 £ 0.17 (—69%) 67.36 & 0.18 (—73%)

08 evnrennn 0.8105 4 0.0059 (—3%) 0.8104 + 0.0060 (—0%) 0.8116 + 0.0065 (—19%)

Table 8. Constraints tables for different EFT models on a ACDM background, where we fix the
amplitude of the brightness temperature ar,. Marginalized mean values and 68% confidence levels.

Percentage deviation in error with respect to Planck 2018 results are shown between brackets.
Deviation for asymmetrical constraints are computed with respect to the mean of the left
and right errors. The sign “—” indicates that no significant constraint was found on the
parameter, while “x” means that the parameter is absent for the specific set of likelihoods or
kept fixed. If only an upper or lower limit is found we show the 95% confidence levels. We

highlight it by adding a ' sign.
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ACDM MODEL

PARAMETER Planck 2018 Planck 2018 + P Py P>y + background
Qph? ... 0.02237 +0.00014  0.02236 & 0.00013 (—=7%) 0.037T351%  0.0224 + 0.0035
Qh? ... 0.1201 +0.0012  0.1202 4+ 0.0010 (—=17%)  0.1607005;  0.1228 +0.0079
100051 1.04090 + 0.00030  1.04088 + 0.00029 (—3%) 1.05710511  1.042 4+ 0.012
T o 0.0543 +0.0075  0.0538 4 0.0072 (—4%) X x
In(1010A,) 3.045 +0.014 3.043 + 0.014 (—0%) 2.8910-15 3.0340.13
Mg wonnrenn. 0.9650 & 0.0041  0.9648 + 0.0039 (—5%) < 1.12f 0.947H0-0%1
Hy ooooo... 67.32 4 0.53 67.27 4 0.44 (—17%) > 55.71 67.0+ 1.3
08 eveennn 0.8115 + 0.0060  0.8114 + 0.0058 (—3%)  0.817+3047 0.8100:048
ary, «eeeenn X 0.2371 + 0.0019 — 0.23875:015
wCDM MODEL
PARAMETER Planck 2018 Planck 2018 + P»; Py P>y + background
Quh? ... 0.02234 +0.00015  0.02238 & 0.00014 (—8%) 0.03973917  0.0199 + 0.0037
Q% ... 0.1204 £0.0012  0.1199 £ 0.0010 (—15%)  0.16710635  0.112 4 0.010
10005 1.04087 4 0.00032  1.04092 + 0.00030 (—6%) 1.12275035 1.05215:51%
T o 0.0547 +0.0076  0.0553 4 0.0074 (—2%) x x
In(100A4,) 3.046 + 0.015 3.046 +£0.015 (—1%)  3.24+0.33 3.3370%
Mg o 0.9644 +0.0042  0.9653 % 0.0039 (—7%) < 1.06 0.978 4 0.081
Wo oo < —0.763f < —0.890" (—53%) —0.657035 < —0.543f
Hy ........ 64.6727 66.1752, (—50%) > 60.01 63.9727
08 wovenns 0.78770:039 0.7999018 (—40%)  0.837709%2  0.837+£0.048
ATy «eeeeen X 0.2428700032 — 0.23437007%2

Table 9. Constraints tables for a ACDM and a wCDM model. Marginalized mean values and 68%

confidence levels.
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LINEAR pure EFT MODEL

ACDM BACKGROUND

PARAMETER

Planck 2018

Planck 2018 + P Py

P51 + background

0.02234 £ 0.00015

0.02234 + 0.00014 (—6%)  0.03979:913

0.0232 £+ 0.0036

Qh% . 0.1203+0.0012  0.1204 +0.0010 (=16%)  0.16470052  0.1230 4 0.0081
10002 1.04087 4 0.00030  1.04086 & 0.00030 (—0%)  1.06073:93% 1.040 + 0.012
T 0.0550 + 0.0075  0.0549 4 0.0073 (—3%) X x
In(10'0 4;) 3.047 £0.015 3.046 +0.014 (—7%) 3.157021 3.35 4+ 0.22
Ny ovvennn. 0.9644 & 0.0041  0.9643 = 0.0039 (—5%) < 0.964 0.956 + 0.077
QFFT L < 0.03491 < 0.035" (—0%) — —
Hy ........ 67.21 4 0.55 67.18 4 0.47 (—15%) > 57.71 67.0+1.3
T8 cooeennnn 0.8101 £ 0.0061  0.8101 + 0.0058 (—=5%)  0.831+3:947 0.844 + 0.049
afy, ...o..... X 0.2378 4 0.0020 — < 0.239
wCDM BACKGROUND
PARAMETER Planck 2018 Planck 2018 + P Py Py + background
Q2 ... 0.02232 +0.00015  0.02236 + 0.00014 (—7%) 0.039 +0.014  0.0219 + 0.0040
Q% ... 0.1206 + 0.0012  0.1201 4+ 0.0011 (=15%)  0.16715:532 0.119 4 0.011
10005 1.04083 +0.00030  1.04090 + 0.00030 (—2%)  1.10175:04 1.045 £ 0.014
T o 0.0554 100962 0.0561 700972 (0%) X X
In(10'04y) 3.04870-011 3.048 +0.015 (0%) 3.3470:33 3.4740.22
Mg v 0.9638 +0.0042  0.9647 4+ 0.0039 (—6%)  0.92175:549 0.965 4 0.079
W oo —0.92570-0% —0.96019:01% (—41%) —0.7719% —0.917943
QFFT < 0.03397 < 0.0342" (+1%) — < 0.612
Hy ........ 64.9124, 66.1752, (—44%) > 61.71 65.6127
O8 v 0.79075:923, 0.79970 0055 (—41%) 0.84370:040 0.85510:038
ary, «ooen.. X 0243010 00a — —

Table 10. Constraints tables for pure EFT models on a wCDM background.
values and 68% confidence levels.

Marginalized mean
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EXPONENTIAL pure EFT MODEL

ACDM BACKGROUND

PARAMETER Planck 2018 Planck 2018 + Py Py Po1 + background
Qph? ... 0.02235 + 0.00014  0.02234 + 0.00014 (—0%)  0.04170015  0.0228 4 0.0035
Q% ... 0.1203 +0.0012  0.1204 4+ 0.0010 (~16%)  0.172%0:532  0.1232 4 0.0080
1006,7¢ 1.04087 £ 0.00031  1.04086 + 0.00030 (—3%)  1.07070:9% 1.042 4 0.012
T o 0.0548 + 0.0074 0.05481000% (—3%) X X
In(100A4,) 3.04670:513 3.046T5913 (—0%) 3.0270-22 3.2970-20
Mg evvennnn 0.9643 £0.0041  0.9642 + 0.0040 (—2%) < 1.05 0.950 + 0.076
QFFT < 0.0361f < 0.038" (+5%) — —
B 0.9610-24 0.9675:58 (—0%) 1.30 + 0.57 1.2076:33
Qo < 0.0455" < 0.048" (+6%) < 1.89f < 1.72f
Hy ........ 67.20 4 0.55 67.17 + 0.46 (—16%) > 64.3 66.9+1.3
T8 e 0.8101 +0.0060  0.8100 4 0.0060 (—0%)  0.82915:5%0 0.835 4 0.050
ag, «veen. X 0.2378 +0.0021 — 0.2343 150916
wCDM BACKGROUND
PARAMETER Planck 2018 Planck 2018 + P Py Py + background
Q2 ... 0.02233 +0.00015  0.02237 4+ 0.00013 (—8%) 0.040 +0.014  0.0212 + 0.0040
Qh2 ... 0.1205+0.0012  0.1200 £ 0.0010 (—16%)  0.16879:945 0.11770:013
1000 1.04084 + 0.00031  1.04090 4 0.00030 (—1%) 1.115+0.049  1.048 +0.014
T 0.0555 + 0.0075 0.055610- 0007 (—4%) X x
In(10'04y) 3.048 £ 0.015 3.047 +£0.014 (—1%) 3.3170:38 3.4340.24
Mg eevennnn. 0.9641 4 0.0041  0.9650 + 0.0039 (—5%) < 1.07f 0.969 + 0.081
W oo —0.91170:028 —0.95319-018 (—47%) —0.687023 —0.87702
QFFT < 0.0505 < 0.0470T (=7%) — —
B — 17904, — 1.5076:%
B < 0.115 < 0.100" (—13%) < 2.251 < 2.01f
Hy ..o..... 64.6732 66.070 1, (—49%) > 61.31 65.1725
T8 woveennn 0.7870:0% 0.79700826 (—39%) 0.84470-048 0.848 +0.050
ATy «eeneen X 0.243710-0033 — —

Table 11. Constraints tables for pure EFT models on a wCDM background.

values and 68% confidence levels.
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EXPONENTIAL pure EFT MODEL - negative Planck mass running

ACDM BACKGROUND

PARAMETER Planck 2018 Planck 2018 + P»; Py P51 + background
Qh ... 0.02249 + 0.00016  0.02243 + 0.00014 (—12%) 0.037 +0.015  0.0226 & 0.0038
Q% ... 0.1185 +0.0014  0.1192+0.0011 (=21%)  0.15970:04%  0.1229 + 0.0079
1000prc -... 1.04106 4 0.00032  1.04096 + 0.00031 (—3%)  1.05815:037 1.042 +0.012
T o 0.049010-0058 0.0487 £ 0.0082 (+1%) X x
In(10104;) . 3.02010018 3.029 £ 0.017 (+6%) 2.90 + 0.43 3.07+0.29
Mg wovennn. 0.9687 +£0.0045  0.9671 & 0.0041 (—7%) 0.92975:037 0.948 + 0.075
QFFT L —0.09415:571 —0.0830:0% (=7%) — 0.1970:59
B 1.281050 1337055 (—4%) 1.214037 1.38 +0.55
Ay e —0.13370 8% —0.1227082. (—6%) 0.311955 0.36 4 0.80
Hy ..o..... 68.03 + 0.66 67.69 + 0.51 (—23%) > 56.31 67.0+1.3

O8 e 0.8130 +£0.0080  0.8131 +0.0073 (=9%)  0.81979:9%2 0.81710 0%
ary, -oeen... X 0.2351700028 — 0.236 + 0.013

wCDM BACKGROUND

PARAMETER Planck 2018 Planck 2018 + P Py P>1 + background
Qh? ... 0.02246 +0.00016 ~ 0.02243 + 0.00016 (—4%)  0.04075:016 0.0212709013
Q% ... 0.1188+£0.0014  0.1192 4 0.0014 (—5%) 0.16970-530 0.11875:012
1000psc .... 1.04103 +£0.00032  1.04100 £ 0.00032 (—0%)  1.125 4 0.061 1.04915-018
T o 0.0501 + 0.0081 0.0490 £ 0.0085 (5%) x x
In(1014,) . 3.031£0.016 3.030 4 0.018 (8%) 3.19%954 3.07704
Mg wonnennn 0.9677 4 0.0046 0.9671 4 0.0044 (—3%) 0.91510936 0.964 =+ 0.078
Wo e < —0.535 —0.98013:9% —0.6910 %1 ~0.91+0.24
QFFT —0.1441323, —0.12670 % (—15%) — —0.05104
B 1.8975 3 > 0.6251 > 0.5871 1.567059
ol —0.305103L, —0.2507023, (—27%) 0.201958 0.03190
Hy ........ 7249 671728 (—=79%) > 62.41 65.6 + 3.5
T8 weenennn 0.84910 056 0.814 4 0.018 (—76%) 0.84 +0.10 0.81370:065
aty, ceeennn X 0.235710- 0078 — —

Table 12. Constraints tables for pure EFT models on a wCDM background. Marginalized mean
values and 68% confidence levels.
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