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We explore the role of redshift-space galaxy clustering data in constraining nongravitational
interactions between dark energy (DE) and dark matter (DM), for which state-of-the-art limits have
so far been obtained from late-time background measurements. We use the joint likelihood for
prereconstruction full-shape (FS) galaxy power spectrum and postreconstruction Baryon Acoustic
Oscillation (BAO) measurements from the BOSS DR12 sample, alongside Cosmic Microwave Back-
ground (CMB) data from Planck: from this dataset combination we infer Hy = 68.02f8_‘g3 km/s/Mpc
and the 26 lower limit £ > —0.12, among the strongest limits ever reported on the DM-DE coupling
strength & for the particular model considered. Contrary to what has been observed for the ACDM model
and simple extensions thereof, we find that the CMB + FS combination returns tighter constraints
compared to the CMB + BAO one, suggesting that there is valuable additional information contained in
the broadband of the power spectrum. We test this finding by running additional CMB-free analyses and
removing sound horizon information, and discuss the important role of the equality scale in setting
constraints on DM-DE interactions. Our results reinforce the critical role played by redshift-space galaxy
clustering measurements in the epoch of precision cosmology, particularly in relation to tests of

nonminimal dark sector extensions of the ACDM model.

DOI: 10.1103/PhysRevD.105.123506

I. INTRODUCTION

Dark energy (DE) accounts for approximately 70% of
the Universe’s energy budget, yet its nature remains
puzzling. Within the standard six-parameter ACDM cos-
mological model, DE takes the form of a smooth, time-
independent, spatially uniform vacuum energy component.
This simple model is able to provide an extremely good fit
to a wide variety of cosmological and astrophysical
observations, including anisotropies in the Cosmic
Microwave Background (CMB), the clustering of the
large-scale structure (LSS), the magnitude-redshift relation
of type la Supernovae (SNela) in the Hubble flow, the
distortion of images of distant galaxies due to weak lensing
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from the intervening LSS (cosmic shear), and the abun-
dances of light elements [1-10].

Of course, this very economical picture does not need to be
the end of the story as far as DE is concerned. One reason for
this belief is the (in)famous cosmological constant problem
[11]. In an attempt to construct more realistic physical
models for DE, significant effort has been placed into going
beyond the minimal scenario. Examples include models
endowing DE with a dynamical nature [12—14], or featuring
nontrivial interactions between DE and other components of
the Universe’s energy budget. Examples of the latter are
interacting DE (IDE) models, which exhibit interactions
between dark matter (DM) and DE, historically motivated by
attempts to address the coincidence problem [15—17].l

'However, the amount of energy exchange required to address
this problem is now excluded by observations. See in addition
Refs. [18,19] for further issues which have been raised in this
context owing to quantum corrections.

© 2022 American Physical Society
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State-of-the-art constraints on IDE cosmologies arise
primarily from measurements of temperature and polari-
zation anisotropies in the CMB, in combination with
measurements of the late-time background expansion
history from BAO and Hubble flow SNela. In combina-
tion, these probes have set stringent constraints on the
strength of the DM-DE interaction, typically denoted by &:
the constraints depend on the specific assumptions con-
cerning the form of the interaction, and on the datasets
adopted, but typically restrict |£| < O(0.1) (see e.g.,
Refs. [20-24] for some of the latest constraints, see also
Refs. [25-27]). Incidentally, these tight constraints from
BAO and SNela are the key reason why IDE scenarios fall
short of fully addressing the Hubble tension [28-37],
despite these models having experienced somewhat of a
revival in recent years in attempts to address cosmological
tensions (see e.g., Refs. [38—42] for reviews on the Hubble
tension).

In recent years, significant efforts have gone into
extracting LSS clustering information beyond that con-
tained within the (reconstructed) BAO peaks, using infor-
mation from the full-shape (FS) power spectrum of biased
tracers of the LSS. These efforts have been driven in part by
significant advances in the so-called effective-field theory
of LSS (EFTofLLSS) [43], which have allowed for concrete
applications of this framework to real data from galaxy
redshift surveys: these advances motivate us to re-analyze
IDE models in this context. It is our major goal in the
present work to explore whether redshift-space galaxy
clustering data can improve state-of-the-art constraints
on the DM-DE interaction strength.”

The rest of this paper is then organized as follows. In
Sec. II, we review the physics of IDE models, present the
specific model we will study, before briefly discussing the
EFT of LSS and how our model fits within this framework.
In Sec. Il we discuss the datasets and analysis method-
ology we make use of. The results of this analysis are
presented in Sec. IV. Finally, in Sec. V we provide our
concluding remarks.

*We note that the same interacting DE model that will be
examined in this work had actually been confronted against FS
galaxy power spectrum measurements by one of us in 2009 in
Ref. [44]. However, this early study was performed using the FS
power spectrum of luminous red galaxies from the Sloan Digital
Sky Survey (SDSS) Data Release 4 (DR4) sample, alongside
CMB and SNela measurements from WMAP and the Union
dataset. All these datasets are now significantly outdated, and the
modeling of the FS galaxy power spectrum was significantly
simplified. Therefore it is extremely timely to re-examine this
issue nearly 15 years later, making use of state-of-the-art
cosmological measurements, in combination with a more robust
theoretical modeling of the FS galaxy power spectrum. See also
the later Ref. [45] for an investigation of horizon-scale relativistic
effects in the galaxy power spectrum in the presence of interact-
ing DE.

II. DARK SECTOR INTERACTIONS AND THE
FULL-SHAPE GALAXY POWER SPECTRUM

A. Interacting dark energy

We begin by reviewing the basic features of IDE models.
In the following, we shall work under the assumption of a
spatially flat Friedmann-Lemaitre-Robertson-Walker met-
ric. In the absence of DM-DE interactions the stress-energy
tensors of DM and DE, which we denote by T% and T%"
respectively, are separately covariantly conserved. This
implies:

vV, 1% =V, T =0, (1)

where Vﬂ denotes the covariant derivative. However,
particularly in the case where DE is described by a
new light field (as in quintessence models), couplings
of DE to matter fields (typically with gravitational
strength) are somewhat unavoidable, unless protected
by a specific symmetry [46]. When introducing non-
gravitational interactions between DM and DE, there are
essentially two ways to proceed. One can either work from
first principles in the context of a specific (possibly UV-
complete) model, where the interaction between the dark
components is introduced at the level of the action.
Historically, this was in fact the approach first followed,
particularly in the context of so-called coupled quintes-
sence models, where a light quintessence DE field is
coupled to the DM field [47-51]. Alternatively, one can
introduce a phenomenological parametrization for the
DM-DE interaction at the level of the conservation
equations in Eq. (1), in such a way that the two stress-
energy tensors are separately not conserved, but their sum
is. In this work, we shall follow the second approach.3
Typically, one assumes that the covariant derivatives of
the DM and DE stress-energy tensors evolve as:

u"

v, T = —Q;" ; 2)
"

v -2, o)

where u/; is the DM velocity 4-vector, and Q is the DM-
DE interaction rate (with units of energy per volume per
time). At this point, one needs to make a (phenomeno-
logical) choice for the functional form of Q. A choice
commonly adopted in the literature is the following:

0= ngxv (4)

*We note that a separate but nonetheless associated possibility
recently considered in the literature is that where DE interacts
either with baryons [52-56] or with electromagnetism [57-61].
See also Refs. [62,63] for works discussing the related possibility
of direct detection of DE.
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where H is the conformal Hubble rate, p, is the DE energy
density and ¢ is a dimensionless parameter which controls
the strength of the DM-DE interaction: a value of £ > 0
(¢ < 0) indicates energy transfer from the DE (DM) to the
DM (DE) sector.

A comment is in order regarding the appearance of H in
the interaction rate. This might appear puzzling at first, as it
may suggest that an interaction rate which should ulti-
mately be determined by local interactions is actually
sensitive to a global quantity such as the expansion rate,
see e.g., Ref. [64]. In reality, the appearance of H is
ultimately a consequence of the first principle of thermo-
dynamics, a local law (independently of the context to
which one applies it, for example cosmology) which
essentially states that changes in the density respond to
changes in the volume due to cosmic expansion. In other
words, the conservation equations do not explicitly know
about the underlying cosmology or theory of gravity, but
only about the change in scale or volume. In fact, one can
eliminate H entirely and use the scale factor as time
variable (as in the noninteracting case).4 In addition, we
note that Ref. [65] explicitly showed how interaction rates
featuring factors related to H, including but not limited to
the case considered in Eq. (4), may naturally emerge from
first principles when considering well-motivated field
theories for IDE scenarios.

In the presence of the coupling given by Eq. (4), the
continuity equations for the DM and DE energy densities p,.
and p, are modified to

pe +3Hp. = EHp,; (5)
Py +3H(L +w,)p, = —EHp,, (6)
where w, is the DE equation of state (EoS). Assuming that

both w, and & are constant in cosmic time, the above
Egs. (5) and (6) can be analytically integrated to give

Pco px,O 5

Pe= a’ + a’ |3w, + &

(1—al ()

o Px0
Pr = CAlirweE ®)

where p. and p, ( are the present-day energy densities of
DM and DE. From Eq. (8), we see that in the presence of
such an interaction the DE component effectively behaves
as a component with EoS w, . = w, + &£/3.

The presence of the DM-DE coupling also modifies the
evolution of perturbations. Working in synchronous gauge,
the coupled system of linear Einstein-Boltzmann equations

“We thank the anonymous referee of one of our previous
papers for drawing our attention to this issue, whereas S.V. thanks
Marco Bruni for sharing this illuminating explanation.

for the evolution of the DM and DE density perturbations
(6. and 6,) and velocity divergences (6. and 6,) is given by
[64,66,67]

p 1. Px Px va h
5, ==0,—~h+eHP (5, —6) + X (2 4+2): (9
R AR R SR ol RS BT

0, = —H0,; (10)

5.=-(1 +WX)(«9X+g> —5("32%)

= 3H(1 —wy) [5)( + 7-][5" (3+3w, + 5)}; (11)

; k2 5 90
0, =2HO, +—956,+2H 0,—EH
1+w, 1 +w, 1+w,

(12)

where we set the DE sound-speed squared to ¢2, = 1, and
h and vy refer to the trace of the metric perturbation 4;; in
the synchronous gauge and to the center of mass velocity
for the total fluid, respectively, where the appearance of the
latter is required by gauge-invariance arguments [66]. The
initial conditions for the DE density perturbation and
velocity divergence are also modified, following Ref. [66].

Furthermore, one needs to avoid instabilities in the
system of Eqs. (9)—(12). Gravitational and nonadiabatic
(early-time) instabilities can be avoided provided that
(@) w, # —1, and (b) £ and (1 + w,) carry opposite signs
[44,66]. In this work, our goal will be that of examining a
scenario which is as close as possible to that of an
interacting vacuum, where w, = —1. This is strictly speak-
ing not possible, due to gravitational instabilities. However,
here we will opt for the phenomenological choice of setting
1 + w, to a small but nonzero value. Specifically, we fix
w, = —0.999, thus requiring £ < 0. The rationale behind
this approach is that, for 1 4+ w, sufficiently small, the
effect of the DE perturbations is negligible at the level of
the coupled Einstein-Boltzmann system, which is instead
essentially only capturing the effect of the DM-DE inter-
action governed by & This was explicitly demonstrated by
one of us through simulated data in Ref. [68].5 ‘We note that
such an approach has already been followed in several

°In principle, we could equally well have opted for the choice
of setting w, = —1.001 and £ > 0. However, there are at least two
good reasons to not consider this possibility. The first is that
quintessence-like DE scenarios where w, > —1 are actually
theoretically more motivated (or at least theoretically easier to
come about) compared to phantom scenarios where w, < —1.
The second is that a scenario where energy flows from the DM to
the DE (¢ < 0) is somewhat theoretically more natural than the
reverse case (£ > 0). Note, however, that the simplest quintes-
sence models appear on their own to be observationally disfa-
vored, as they worsen the H tension [69].
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previous works; see e.g., Refs. [70-72]. We also note that
another approach towards avoiding gravitational instabil-
ities, investigated in Refs. [73-77], is to extend the para-
metrized post-Friedmann approach to the IDE case.

In closing, it is worth noting that IDE models have
received significant attention in recent years. For a selection
of important works on various aspects of IDE models
besides those already discussed, ranging from model
building to structure formation simulations to observational
constraints, we refer the reader to Refs. [78—180] and to the
review of Ref. [181].

B. Interacting dark energy and the effective-field theory
of large-scale structure

There is a wealth of information contained in the linear
and mildly nonlinear clustering of tracers of the LSS, such
as galaxies, on which our analysis will focus. In recent
years, significant effort has been devoted to extract infor-
mation beyond that contained within the (reconstructed)
BAO peaks [182,183], considering the full-shape (broad-
band) redshift-space galaxy power spectrum. Nevertheless,
in order to fully exploit current and future FS redshift-space
galaxy power spectra measurements, a robust theoretical
modeling is mandatory [184—188]. Various approaches
towards such a robust modeling exist in the literature.
Here, we shall make use of the EFTofLSS approach [43];
see Ref. [189] for a recent comprehensive review. While, in
the very beginning, one of the most popular theoretical
modeling approaches was standard perturbation theory
(SPT) [190], the EFTofLSS can be regarded as the final
product of a consistent perturbation theory approach to
describe the mildly nonlinear clustering of tracers of the
LSS: for an incomplete list of other approaches developed
throughout this evolution, see e.g., Refs. [191-200].

The EFTofLSS is a LSS perturbation theory approach
(where one can think of the expansion variable as being the
overdensity field smoothed over an appropriate scale)
which can be used to robustly model the mildly nonlinear
clustering of LSS tracers [43]. In a nutshell, the EFTofL.SS
provides a framework to characterize the backreaction and
impact of unknown or poorly known short-scale physics,
such as the complex details of galaxy formation, on long-
wavelength modes: this is achieved through a set of
additional counterterms, whose functional form is fully
fixed once the symmetries obeyed by the LSS field are
specified, and whose amplitude is controlled by a set of free
coefficients of unknown magnitude which, lacking a
precise knowledge of the short-wavelength physics in
question, have to be treated as nuisance parameters to be
fit to the data. When combined with an IR resummation
procedure to treat long-wavelength displacements (i.e.,
bulk motions, whose effect is crucial to properly model
the nonlinear evolution of the BAO peak), stochastic
contributions, nonlinear biasing terms, and Alcock-
Paczynski effects, one obtains the most general,

symmetry-driven model for the mildly nonlinear clustering
of biased LSS tracers such as galaxies, which integrates out
the complex and poorly-known details of short-scale (UV)
physics.

Over the past decade, significant work has gone into
developing the EFTofLSS from its initial formulation to the
point of enabling practical applications to real data from
current galaxy surveys. While several of the intermediate
results are not, strictly speaking, required to analyze galaxy
clustering data, much as the “West Coast” EFTofLSS team
we believe that it is only fair to acknowledge key develop-
ments on the EFTofLSS theory [201-250] and data [251—
270] sides in any work which applies the EFTofLSS to
real data.’

In this work, we shall adopt the EFTofLLSS to model the
mildly nonlinear full-shape galaxy power spectrum in the
presence of the interactions between DM and DE previ-
ously described in Sec. I A. As the complete set of
equations for the redshift-space galaxy power spectrum
is rather cumbersome, we will not report it here, but refer
the reader to Ref. [257], where the model and its imple-
mentation in the CLASS-PT Boltzmann solver are
described in detail. In our case, the only ingredient of
the underlying EFTofL.SS model we need to modify is the
linear power spectrum Py, (k,z), which we compute as
usual by evolving the linear Einstein-Boltzmann equations
given in Egs. (9)-(12). In turn, Py,(k,z) enters in the
convolution integrals required to compute the 1-loop SPT
power spectrum Py o0, spr(k, 2), and is also required to
compute the counterterm P (k, z), needed for consistency
of the 1-loop result, whose amplitude is modulated by the
effective sound-speed parameter. We keep the functional
form of the SPT kernels, counterterms, bias expansion,
redshift-space kernels, and stochastic contributions
unchanged, while the implementation of IR resummation
is also left unchanged.

A comment is in order regarding the fact that we only
need to modify the input linear power spectrum, which is
the only place where new physics due to DM-DE inter-
actions enters. While the default implementation of
CLASS-PT is targeted towards the ACDM model, one
can essentially envisage extending the underlying model to
three classes of new fundamental physics scenarios with
increasing levels of complexity:

(1) New physics which only affects the expansion,
thermal history, and linear evolution of perturba-
tions. In this case, no changes to the standard
routines are required, as these scenarios only modify
the ingredients which are already present, such as the
linear power spectrum, growth factor, and so on.

®For a more complete accounting of the theoretical develop-
ments associated to Refs. [201-250], we refer the reader to what
by now is a standard footnote in all the papers by the “West
Coast” EFTofLLSS team, for instance footnote 1 in Ref. [270].
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(2) New physics which modifies the mode-coupling
kernels while preserving the equivalence principle.
Several modified gravity models fall within this
class, in which case one needs to recompute the
perturbation theory matrices incorporating the new
kernels, required to compute the 1-loop power
spectrum. The specific details will of course depend
on the modified gravity model; see e.g., Ref. [271].

(3) New physics which modifies the mode-coupling
kernels and violates the equivalence principle, as
also occurring in certain modified gravity models. In
this case, one needs to alter the IR resummation
procedure accordingly [272-274].

As we consider a purely phenomenological implementation
of the DM-DE interactions at the level of linear Einstein-
Boltzmann equations, without committing to any specific
UV-complete underlying field-theory model which
describes such interactions, the new physics explored here
belongs to the first level described above. Given the size of
the uncertainties associated with current galaxy clustering
measurements, our approach can be viewed as a
conservative one. In closing, we also note that the same
approach has been adopted by several other works in the
recent literature, where both early- and late-time new
physics scenarios have been constrained against FS galaxy
clustering measurements using the EFTofLL.SS implemen-
tation of either CLASS-PT [257] or PyBird [256], with
the only modifications being the input linear matter power
spectra (see e.g., Refs. [275-284]).

The effects of IDE on the linear matter power spectrum

have been amply discussed in Ref. [285] (to which we refer

2000

—— 1=0ACDM

1750 - 3 —— 1=2NACDM

\ --- 1=0IDE
--- 1=2IDE

0.1’35 0.’10 0.’15 0.’20 0.’25 0.30
k [AMpc~!]

FIG. 1.

the reader for more in-depth discussions), which however
did not carry out the comparison against FS measurements
we will instead perform. Introducing DM-DE interactions
leads to two important effects. Notice from Eq. (7) that in
the presence of DM-DE interactions with strength £ < 0
(for a fixed value of p. ) the amount of DM grows with
respect to its ACDM counterpart when going back in time.
This on its own would result in a higher redshift of matter-
radiation equality, and therefore a larger equality wave
number since kg o /@,,(1 + z¢q). However, as we shall
see later, IDE introduces correlations between parameters
which result in parameter shifts once & # 0, most notably a
decrease in both @, and €,. Accounting for these
parameter shifts from a fit to the full CMB + BAO + FS
dataset as we will discuss later, we see that the overall effect
is to slightly decrease z.4, from the ACDM value z.4 =~
3387 t0 z¢q ~ 3330 (the shift is larger if we were to consider
the best-fit CMB + FS or CMB + BAO values, changing
10 Zeq #2984 and z. ~ 2819 respectively).

Recall that the equality wave number k., determines the
turnaround scale in the matter power spectrum (as the
growth of modes with k > keq, which entered the horizon
during radiation domination, was suppressed by the large
radiation pressure, which instead did not hinder the growth
of modes with k < k). Note that the shifts in z,, and
therefore k., discussed previously result in slight changes
in the horizon scale. In addition, for £ < 0, the conformal
time today 7, increases, leading to a small overall increase
in the large-scale (small-k) amplitude of the power spec-
trum. Another feature will be due to the onset of DE

0.08 A

0.06 -

0.04

0.02 1

AP,/P,

0.00 A

—0.02 -

—0.04

0.05 0.10 0.15 0.20 0.25 030
k [hMpc~1]

Left: measurements of the monopole (£ = 0) and quadrupole (£ = 2) of the full-shape power spectrum of the BOSS DR12

North galactic cap galaxy field at the effective redshift z.;; = 0.61 correspond to the black datapoints. The blue and red curves
correspond to the theoretical predictions for the monopole and quadrupole respectively, for the ACDM (solid) and IDE (dashed) models.
Cosmological parameters are fixed to their best-fit values obtained from the CMB + BAO + FS dataset combination (see Sec. III for a
discussion of these datasets), with the DM-DE coupling strength £ instead being fixed to £ = —0.05, whereas nuisance parameters are
fixed to their ACDM best-fit values. Note that for both the monopole and quadrupole what is being plotted is not P,(k), but kP,(k).
Right: relative difference AP,/P, between the IDE and ACDM monopole (blue) and quadrupole (red), with the same choice of

cosmological and nuisance parameters as in the left panel.
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domination which, for £ < 0, occurs earlier, resulting in a
small suppression of the power spectrum on smaller scales
(which however are beyond the scales we will probe in our
analysis).

The theoretical predictions for the monopole (£ = 0) and
quadrupole (¢ =2) of the full-shape power spectrum
within ACDM and the IDE model considered here are
shown in Fig. 1. We have fixed the cosmological param-
eters to the best-fit values obtained from a combined
analysis of CMB, prereconstructed FS, and postreconstruc-
tion BAO data (see details in Secs. IIT and IV), whereas we
have fixed the DM-DE coupling strength to £ = —0.05.
Note that we have kept nuisance parameters fixed to their
ACDM best-fit values when moving across the two models,
in order to focus exclusively on the effects induced by the
cosmological parameters. In reality, nuisance parameters
shift slightly when moving from one model to another, and
as a result absorb part of the differences shown in Fig. 1.
However, we have explicitly checked that the shifts in all
nuisance parameters remain below the 1o level, and that the
extent to which they will absorb part of the signal of interest
is rather limited. Notice from Fig. 1 that the cleanest
signature of IDE appears to be in the monopole. Already
from these qualitative considerations we can expect that
broadband information in the FS galaxy power spectrum,
and in particular information related to the equality scale,
will play an important role in setting constraints on IDE.
Our analysis will confirm these expectations, as we will
later discuss in Sec. IV.

III. DATASETS AND METHODOLOGY

In order to set constraints on the parameters of the IDE
model we shall consider various combinations of the
following datasets:

(i) Measurements of CMB temperature anisotropy and
polarization power spectra, as well as their cross
spectra, from the Planck 2018 legacy data release.
We consider the high-# P1ik likelihood for TT (in
the multipole range 30 < Z < 2508) as well as TE
and EE (in the multipole range 30 < Z < 1996), in
combination with the low-£TT-only (2 < ¢ <29)
likelihood based on the Commander component-
separation algorithm in pixel space, as well as the
low-ZEE-only (2 <¢<29) Simall likelihood
[286]. We also include measurements of the CMB
lensing power spectrum, as reconstructed from the
temperature 4-point function [287]. We refer to this
dataset combination as CMB.

(i) Postreconstruction baryon acoustic oscillation mea-
surements from the BOSS DR12 [288] survey. We
refer to this dataset as BAO.

(iii) Measurements of the monopole and quadrupole
(Z =0 and 7 = 2, respectively) of the full-shape
power spectrum of the BOSS DRI12 galaxies,
divided into four independent inputs: two distinct

redshift bins at z.;; = 0.38 and z.;x = 0.61, observed
in the North and South galactic caps (NGC and
SGC, respectively). We refer to this dataset combi-
nation as FS.

(iv) A Gaussian prior on the physical baryon density
parameter w,, arising from Big Bang Nucleosynthe-
sis (BBN) constraints on the abundance of light
elements: 100w, = 2.233 + 0.036 [7]. We refer to
this prior as BBN.

extraction, BAO-FS covariance matrix, and implementation
of the joint FS + BAO likelihood, we refer the reader to
Refs. [252,255,257], which discusses these issues in depth.

Modelwise, we consider a seven-parameter IDE model,
where the strength of the DM-DE interaction & is allowed to
vary alongside the six standard ACDM parameters. We set
a flat prior on & € [—1;0] in order to avoid gravitational and
early-time nonadiabatic instabilities (see Sec. Il A), veri-
fying a posteriori that our results are not affected by the
choice of lower prior boundary. We set the default, wide
conservative priors on the EFTofL.SS nuisance parameters
following Ref. [252]. As we are including CMB measure-
ments, we do not fix either the scalar spectral index n; or
the baryon-to-dark-matter density ratio w,/w,., given that
both these parameters are extremely well constrained by
CMB data.

Theoretical predictions for the relevant observables are
obtained using the Boltzmann solver CLASS-PT [257],
which is itself an extension of the Boltzmann solver CLASS
[289,290], and allows to compute the 1-loop auto- and
cross-power spectra for matter fields and biased tracers
both in real and redshift space, incorporating all the
ingredients discussed in Sec. II B required for the com-
parison to data. Our theoretical model for the FS measure-
ments is based on the EFTofLSS predictions at 1-loop order
(corresponding to perturbative order n = 3), and we con-
sider FS measurements in the wave-number range k €
[0.01;0.2] hAMpc~! (slightly more conservative than the
wave-number range adopted in other works which have
used the very same likelihood). As explained earlier, we
only modify the input linear power spectrum obtained by
solving the system of coupled linear Einstein-Boltzmann
equations for the IDE model given in Egs. (9)-(12), without
altering the SPT kernels, the structure of the counterterms
and stochastic contributions, the IR resummation imple-
mentation, and so on.”

We sample the posterior distributions for the parameters
of the IDE model through Monte Carlo Markov chain
(MCMC) methods, using the cosmological sampler

"Note that, besides the EFTofLLSS, a number of other theo-
retical modeling approaches have been adopted in analysis and
forecasts for galaxy clustering data. Some of these studies
considered simpler phenomenological and/or theory-motivated
models for the FS power spectrum and higher-order correlators,
whereas others considered compressed versions thereof (see e.g.,
Refs. [291-320]).
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TABLE L

Constraints on selected parameters of the seven-parameter IDE model, obtained from various dataset

combinations as indicated in the upper section of the table, all involving the CMB dataset. For the DM-DE coupling
strength & we report 95% C.L. lower limits, unless the 68% C.L. interval is consistent with a detection, in which case
we report the latter, alongside the 95% C.L. in square brackets (here this situation only occurs when considering the
CMB -+ BAO dataset combination), whereas for all other cosmological parameters we report 68% C.L. intervals.
The final two rows are separated from the previous rows to highlight the fact that both H, and €, are derived

parameters.

Parameter CMB + BAO CMB + FS CMB + BAO + FS

o, 0.09410352 0.10170903 0.11570:009

¢ —0.227 038> —0.48] > —0.35 > —0.12

Holkm/s/Mpc] 69.55+098 69-04%):?6‘ 68.021 0
0.054 .038 0.015

Q, 0.243750% 0.261 700 0.299°000

MontePython [321,322]. We assess the convergence of
the MCMC chains using the Gelman-Rubin parameter R —
1 [323], requiring R — 1 < 0.001 for the chains to be
considered converged.

When considering analyses involving the BAO dataset
but not the FS one (e.g., when considering the CMB +
BAO dataset combination), we make use of the “standard”
non-EFTofLSS likelihood which is publicly available at
github.com/brinckmann/montepython_public (in particu-
lar, we use the bao boss dril2 likelihood and not
the bao fs boss drl2 one, with the latter incorpo-
rating also fog measurements). When instead combining
the BAO and FS datasets, we make use of the joint BAO-FS
likelihood which is publicly available at github.com/
oliverphilcox/full_shape_likelihoods; see Ref. [255]. This
strategy will provide the key to isolate the advantages of
using the joint BAO-FS likelihood, and in particular the
inclusion of FS measurements in the context of IDE
models. In fact, thanks to our choice, our analyses
involving the BAO dataset but not the FS one will be as
close as possible to pre-2020 analyses which preceded the
public release of the joint BAO-FS EFTofLSS likelihood
we are using.

IV. RESULTS

We begin by discussing the results obtained from dataset
combinations involving the CMB dataset: CMB + BAO,
CMB + FS, and CMB + BAO + FS. Afterwards, to better
examine the role of shape versus geometrical information in
setting constraints on IDE, we consider CMB-free dataset
combinations: FS +BAO and FS + BAO + BBN. Our
key results are reported in Tables I and II, as well as
Figs. 2-4. Note that for £ we shall always report the
95% confidence level (C.L.) lower bound when the
68% C.L. interval is not consistent with a detection,

¥Recall that state-of-the-art constraints on IDE models mostly
arise from the combination of CMB and geometrical information
from the reconstructed BAO peaks; see for instance Ref. [71].

whereas for all other cosmological parameters we report
68% C.L. intervals.

In the context of the CMB + BAO dataset combination,
i.e., the one driving state-of-the-art constraints on the DM-
DE coupling strength &, we infer the lower bound & >
—0.48 at 95% C.L. (while the 68% C.L. interval is
&= -0.22707%). Note that this bound is slightly weaker
than those reported for instance in Refs. [70,71] because we
here deliberately do not include BAO measurements from
the 6dFGS and SDSS-MGS surveys: however, as will
become clearer later, this particular CMB + BAO dataset
combination allows for a cleaner assessment of the con-
straining power of shape and geometrical information in the
IDE context. The reason is that our pipeline does not
include the 6dFGS and SDSS-MGS FS measurements.
Therefore, in this setting a full comparison of the con-
straining power of BAO measurements from BOSS
DR12 + 6dFGS + SDSS — MGS versus FS measurements
from the same combination is not possible. We thus make the
choice of restricting our LSS measurements to the one galaxy
survey for which we have both a BAO and FS pipeline readily
available, i.e., the BOSS DR 12 galaxies. In the following, the
limit £ > —0.48 obtained from the CMB + BAO dataset
combination will be the reference limit to which we will
compare and assess any improvement brought about by the
inclusion of the FS measurements.

TABLEII. As Table I, but considering dataset combinations not
involving the CMB dataset. Note that we report the 68% C.L.
interval on & when considering the FS 4+ BAO dataset combi-
nation, as it is consistent with a detection, with the 95% C.L.
lower limit given in square brackets.

Parameter FS + BAO FS + BAO + BBN
W, 0.100 4 0.023 0.104:0021

¢ -0.315079[> —0.62] > —0.62
Hy[km/s/Mpc] 70.7133 71.8%19

Q, 0.2450:9% 0.257109%
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FIG. 2. Triangular plot showing the 2D joint and 1D marginalized posterior probability distributions for &, €, and H;, obtained from
the CMB + BAO (grey), CMB + FS (red), and CMB + BAO + FS (blue) dataset combinations within the IDE model. The significant
improvement in constraining power gained by the introduction of the FS dataset is visually very clear. Note that H, is in units of
km/s/Mpc.

—— CMB + BAO —— |IDE (CMB + BAO + FS)
CMB + FS NACDM (CMB + BAO + FS)
CMB + BAO + FS IDE (CMB + BAO)

FS + BAO NACDM (CMB + BAO)

FS + BAO + BBN

T T T

60 70 80 66 68 70 72 74
Ho Ho

FIG. 3. Left: 1D marginalized posterior probability distributions for H,, obtained from various dataset combinations (see the color
coding) within the IDE model. The pink-shaded band corresponds to the 1o credible region for H, determined by the latest local
distance ladder measurements constructed out of Cepheid-calibrated SNela [324]. Right: 1D marginalized posterior probability
distributions for H, obtained from the CMB + BAO and CMB + BAO + FS dataset combination within the ACDM (green and red
curves, respectively) and IDE (blue and black curves, respectively) models. From this figure it is clear that there is a significant gain in
constraining power within the IDE model when including the FS dataset, contrary to what is observed within ACDM. The pink-shaded
band is equivalent to that depicted in the left panel.
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FIG. 4. As Fig. 2, but considering dataset combinations not involving the CMB dataset: FS + BAO (red) and FS + BAO + BBN
(blue). It is clear that the inclusion of the BBN prior on @, helps enormously with the determination of H,, given that current galaxy
clustering data mainly constrain H, through the sound horizon rather than through equality-scale information (with the prior on w,

sharpening the former), as discussed in the main text.

Including FS measurements (CMB + BAO + FS) by
means of the joint BAO-FS EFTofLSS likelihood) tightens
the limit on &£ to & > —0.12 at 95% C.L., representing a
significant improvement. There is, in fact, significant
information contained in the BOSS DRI12 FS measure-
ments which helps disentangling IDE from ACDM. This is
clear from the previous arguments in Sec. II B, where we
discussed the important role of the equality wave number in
constraining IDE, as well as from Fig. 1.

To further examine the impact of the shape information,
we now consider the CMB + FS dataset combination. The
limit we obtain is £ > —0.35 at 95% C.L., tighter than that
obtained from the CMB + BAO dataset combination,
implying that BOSS full-shape information carries more
constraining power than the purely geometrical information
from the reconstructed BAO wiggles after combining with
CMB data. The inferred values of selected cosmological
parameters from the three dataset combinations
(CMB + BAO, CMB +FS and CMB + BAO + ES) are
reported in Table I. In addition, the £ — Q,, — H, triangular
plot in Fig. 2 clearly shows the increased constraining
power of the CMB + FS dataset combination with respect

to the CMB + BAO one, as well as the overall significant
improvement when considering the CMB + FS 4+ BAO
dataset combination, which constitutes one of the novel
results of this work.

At first glance, the above results might not appear to be
surprising: after all, FS information encodes geometrical
BAO information in the form of wiggles in P(k), alongside
other additional information contained in the broadband,
nonwiggly part of P(k). However, this conclusion should
nonetheless surprise us, as a number of recent works have
argued that shape and geometrical information carry similar
constraining power in light of the precision of current data
[254]. The EFTofLL.SS-based analysis of Ref. [254] argued
that the comparable constraining power of shape and
geometrical information in current BOSS data is purely
a coincidence given the BOSS volume and redshift
coverage, in combination with the efficiency of BAO
reconstruction algorithms. However, Ref. [254] also argued
that FS information is expected to dramatically supersede
geometrical information in the context of future galaxy
redshift surveys whose coverage will expand to signifi-
cantly wider volumes and redshift ranges. Similar
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conclusions, albeit obtained from simpler (non-EFTofLLSS)
analyses of FS information, have been reached in at least
two earlier works [325,326]. These works also discussed
the possibility of such a conclusion being reversed in
extensions to ACDM where shape information might play a
crucial role, for instance in the context of beyond-A DE
models. Our results indeed provide a clear example in this
sense: this further highlights the extremely important role
of full-shape galaxy clustering information when probing
nonstandard extensions of ACDM, particularly in the DE
sector, such as IDE models. In fact, as we have already
argued earlier in Sec. II B, information on the equality wave
number k.4, not present in postreconstruction BAO mea-
surements, plays an important role in constraining IDE. A
visual indication of the gain in constraining power when
including the FS dataset (in particular when moving from
the CMB + BAO dataset combination to the CMB +
BAO + FS one) is given in the right panel of Fig. 3, where
it is clear that there is virtually no improvement within the
ACDM scenario (green versus red curves), while the
improvement is rather significant for the IDE model (blue
versus black curves).

To further understand the role of geometrical and equal-
ity information in our results, we will closely follow the
rationale of Refs. [327,328], and consider additional dataset
combinations not including CMB measurements. Full-
shape measurements contain the imprint of two ‘“standard
rulers”: the first is connected to the scale of the sound
horizon at baryon drag r,, and leaves its imprint in the
position of the BAO wiggles, whereas the second is
connected to the horizon wave number at matter-radiation
equality k., and governs the position of the turnaround in
the power spectrum; see Sec. II B. Information from both
scales can be used to constrain Hy, or, for that matter, any
other parameter which affects r; and k., either directly or
indirectly.9

One way of assessing the extent to which constraints
involving FS data are driven by geometrical BAO infor-
mation is to artificially limit or even remove any informa-
tion on r,; whatsoever. To zeroth order, this can be achieved
by removing any external calibration on r,;, which is
tantamount to removing any external informative prior
on the physical baryon density w,: FS analyses not
including CMB data typically include a BBN prior on
w, (see e.g., Ref. [255]), given that knowledge of w,
(which controls the prerecombination baryon sound speed)
is required to compute r; and therefore calibrate the
geometrical BAO information. Notice that this procedure

’An example of a parameter indirectly influencing r, or k¢ is
one that does so through the induced shifts in other parameters.
For instance, besides their direct impact on p.(z) clear from
Eq. (7), which obviously affects z.,, IDE models typically lead to
shifts in w,, which translate into additional shifts in r; and in the
redshift of matter-radiation equality z.q, and therefore in keq.

is not exactly equivalent to marginalizing over r;, which is
the proper procedure to follow to remove any geometrical
information and extract only information from the broad-
band part of FS measurements. Nevertheless, given the
precision of current galaxy clustering data, this procedure
works (as argued in Ref. [327]), whereas for future, more
precise FS data, the BAO features and the small-scale @,,-
induced Jeans suppression in FS measurements could in
principle cross calibrate each other, effectively generating
an w,, or r, prior. The later work of Ref. [328] constructs an
improved method to remove geometrical information in
galaxy clustering measurements in future surveys. For the
purposes of the present work however, given the precision
of BOSS FS measurements, removing any external inform-
ative prior on w, is sufficient to ensure that the sound
horizon information is essentially completely (or mostly)
removed, and we will therefore follow the methodology of
Ref. [327].

In light of the above discussion, we shall now consider
the FS + BAO + BBN and FS + BAO dataset combina-
tions: the former allows for the exploitation of sound
horizon information through the BBN prior on @,, which
calibrates r;, whereas such information is absent in the
latter.'® When considering FS + BAO + BBN we infer & >
—0.62 at 95% C.L., whereas removing the BBN prior on w,
(thus considering the FS 4+ BAO dataset combination)
surprisingly returns exactly the same lower limit on ¢,
although in this case the 68% C.L. interval is consistent
with a ~1.5¢ detection: &= —0.31702. This further
confirms the fact that the constraints on & are driven to
an important amount by broadband information rather than
by just geometrical information: if the latter were true, the
constraints on & should have become significantly weaker
when removing the BBN dataset, contrary to what we
observe. The inferred values of selected cosmological
parameters from the two CMB-free dataset combinations
discussed above are reported in Table II, whereas in Fig. 4
we present the £ — Q,, — H, triangular plot obtained from
these same two dataset combinations.

It is important to explore the impact of the inclusion of
FS measurements on the inference of parameters other than
the coupling & There are two key parameters in IDE
cosmologies: the matter-density parameter €, and the
Hubble constant H,. The correlation between ¢ and Q,,
can be understood in terms of the direction of energy flow
between DM and DE. Since £ < 0, energy flows from DM
to DE, and therefore the DM density today (and corre-
spondingly Q,,) will be smaller [70,71]. This is also clear
from Eq. (7), where the evolution of p,. carries an extra term
proportional to £ in addition to the standard ACDM term
pe (14 z)3. However, as Q,,h? is tightly constrained by

""Note that any dataset combination involving the CMB
dataset contains information on w; and therefore r;, as w, is
determined by the relative height of the odd versus even peaks.
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CMB data, the decrease in ,, requires an increase in H,.
This explains the mutual & —Q,, — H, degeneracies we
observe: a direct correlation between ¢ and €, and an
inverse correlation between & and H, with a significantly
weaker inverse correlation between €, and H,. Focusing
on Q, and H,, we find that their determination is
significantly improved by the inclusion of the FS dataset
on top of the CMB + BAO dataset combination. In
particular, the uncertainties on Q,, and H, are decreased
by factors of ~3 and ~2, respectively. This improvement
(particularly for Q,,) is due to the important role of the
equality scale in FS measurements. In fact, equality
information in FS measurements directly constrains the
so-called ‘“‘shape parameter” I' = Q,,h [329,330]. In com-
bination with CMB measurements constraining €,,h”
through the early integrated Sachs-Wolfe [331-334] and
lensing effects [335], and geometrical BAO information,
this helps pinning down Q,,, particularly in the context of
extended models (see for instance the discussion in Sec. 2
of Ref. [336] in the context of spatial curvature). In Sec. II
B we already emphasized the important role of broadband
information (and in particular information related to k) in
the context of IDE models, which is anyway clear from the
monopole curves in Fig. 1.

Moving to the CMB-free dataset combinations discussed
earlier (FS + BAO and FS 4+ BAO + BBN), we note that
the parameter most significantly affected by the addition of
the BBN prior on w, is the Hubble constant H,, whose
uncertainty decreases by a factor of ~3 once the BBN
dataset is included. This is not surprising, given that current
galaxy clustering data mostly constrain H through the
sound horizon rather than from equality-scale information
[327]. The uncertainty we infer on H, of order
5 km/s/Mpc is in fact comparable to that obtained in
Ref. [327] for the ACDM model (of course, our uncer-
tainties are slightly larger because of the extra parameter &
and its correlation with H). To conclude this section, it is
clear that full-shape information is highly precious when
dealing with nontrivial extensions of the ACDM model,
particularly within IDE cosmologies. The addition of FS
information further limits the available parameter space for
the DM-DE coupling strength, even in the absence of
CMB data.

V. CONCLUSIONS

Driven by important theoretical advances, in the last
couple of years significant efforts have gone into extracting
LSS clustering information beyond geometrical informa-
tion contained in the reconstructed BAO peaks, by exploit-
ing the information content of the FS power spectrum of
LSS tracers. The power of FS measurements and their
ability to not only sharpen constraints on the parameters of
the baseline ACDM model, but perhaps more importantly
test extensions thereof, is by now established. In the wake
of these important developments, the present work is the

first to test IDE cosmologies in light of state-of-the-art
redshift-space galaxy clustering data, with a robust theo-
retical modeling of the underlying mildly nonlinear power
spectrum [337-347].

Our results highlight the extremely important role of FS
measurements in the era of precision cosmology, particu-
larly in further sharpening constraints on models beyond
ACDM: for instance, a recently well-documented example
in this context is that of the early dark energy model
[258,259,348—355].ll Furthermore, contrary to what occurs
within the ACDM model and simple extensions thereof, we
have demonstrated that constraints obtained by combining
CMB and FS data are tighter than those obtained by
combining CMB and BAO measurements, suggesting that
in the context of IDE models there is significant informa-
tion contained in the broadband of the power spectrum. We
have extensively tested these findings, discussing the
important role played by the equality-scale k., in con-
straining IDE cosmologies.

This work is the first to robustly test DM-DE interactions
from state-of-the-art redshift-space galaxy clustering mea-
surements, and the constraints we report on the coupling
strength £ are among the strongest ever presented in the
literature. At the same time, there are many interesting
follow-up directions one could envisage. While here we
have considered FS measurements from the BOSS DR12
sample, it would be very interesting to repeat a similar
analysis using the much more recent eBOSS DRI16
measurements [5]. On the other hand, we expect the role
of FS galaxy clustering information to become even more
important in this context with the advent of future LSS
surveys, such as Euclid [357] and DESI [358]. It would be
interesting to forecast the ability of these surveys to
constrain DM-DE interactions when combined with future
CMB data, for instance from Simons Observatory
[359,360] or CMB-S4 [361]. Finally, it would be very
interesting to test other well-motivated beyond-ACDM
models in light of the same FS measurements adopted
here. Most of these ideas are the subject of work in
progress, on which we hope to report soon.
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