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Abstract. We consider two models of interacting dark energy, both of which interact
only through momentum exchange. One is a phenomenological one-parameter extension
to wCDM, and the other is a coupled quintessence model described by a Lagrangian for-
malism. Using a variety of high and low redshift data sets, we perform a global fitting of
cosmological parameters and compare to ACDM, uncoupled quintessence, and wCDM. We
find that the models are competitive with ACDM, even obtaining a better fit when certain
data sets are included.
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1 Introduction

The nature of dark energy (DE) remains an open and intriguing question of modern cosmol-
ogy. Whether the observed accelerated expansion of the Universe is due to a cosmological
constant, a dynamical field like quintessence (see [1] for a review), a signature of modified
gravity (see [2] for a review), or some more exotic or undiscovered phenomena, is still a
matter of debate.

As current and forthcoming high precision experiments explore the universe using multi-
ple probes and high precision measurements, we are able to test our cosmological models with
greater rigour than ever before. At the moment, the standard cosmological model, ACDM,
is still the statistically preferred model to fit CMB and LSS data [3-10], but the existence of
the Hubble constant (Hy) and structure growth (og) cosmological tensions has fueled interest
in a plethora of alternative models to see if they can alleviate them (see e.g. [9, 11-15]).

Models of interacting dark energy (IDE) are more popular than ever. This broad range
of models does away with the assumption in ACDM that the DE and dark matter (DM)
are isolated systems and allows them to interact (see, e.g., [13, 16-18]). Additionally these
models appear to be flexible enough to solve perceived problems in cosmology such as the Hy
or the og tensions [19-21], although it is not clear if they can truly restore concordance [14,
22, 23]. Many of these models come with undesirable features such as complex or large
quantum corrections [24, 25], unnaturally small coupling parameters and new, ad hoc degrees
of freedom. The most common interacting dark energy models involve energy exchange in
the background, which has severe observational consequences and fails to fit CMB data [22,
26-28]. Models that involve momentum-only interactions can circumvent many of these
problems. These models leave the background evolution of the Universe unchanged, only
affecting the perturbations [17, 29-34]. This allows them to fit the CMB data very well, and



to alleviate the og tension [19, 35, 36]. In this work we test two such models using data from
the CMB, SNe Ia, BAO, and cluster counts.

The paper is structured in the following way: in section 2 we describe the two pure
momentum transfer models under consideration and outline their key features. In section 3
we discuss the methodology of the parameter fitting, the data and surveys used, and outline
our results. We discuss the impact on the tensions in section 4 and conclude in section 5.

2 The models

As we already mentioned, both of the models we will examine in this paper have interactions
that exhibit pure momentum exchange at the level of perturbations, and no energy exchange
in the background. The first is an elastic scattering (ES) model, first proposed in [29]. The
second is part of the so-called Type 3 (T3) class of models constructed in [17], and a particular
subclass where the sound speed ¢ # 1 as discussed in [31]. For both models we have modified
a version of CLASS [37, 38] and will be using the Monte Carlo code MONTEPYTHON [39, 40]
for cosmological parameter estimation. Both models have shown the ability to suppress late
time structure growth when compared to a ACDM universe [19, 31, 32, 35, 41].

2.1 Elastic scattering

This phenomenological elastic scattering model adds a momentum coupling to the wCDM
model inspired by Thompson scattering [29]. wCDM is an extension of ACDM but DE
is treated as a fluid where the equation of state w # —1. It is one of the most popular
extended models and a priority model to be tested with Stage IV cosmological surveys like
Euclid [28, 42]. The ES model introduces a single new parameter when compared to wCDM,
op, that is defined as the scattering cross section between DE and DM.

To understand how this new parameter affects the cosmology it is useful to initially look
at the perturbation equations for the standard (uncoupled) wCDM model. Working in the
Newtonian gauge, the dark matter perturbation equations in wCDM are:

h/
Opm = —bbm + 3, (2.1)
Opm = —HOpm (2:2)

where 0 is the density contrast and @ is the velocity divergence, H the conformal Hubble
parameter, h is the metric perturbation and prime refers to a derivative with respect to
conformal time [43].

We can now see how the introduction of the scattering cross section modifies the second
of these perturbation equations [29, 35]:

pum = AAG — Hbpur (2.3)
where A0 := Opm — OpE, and,
A= (1+ w)aD@nDM : (2.4)
PDM

Here, npyp is the number density of dark matter (DM). As the value of npy remains uncon-
strained, we choose to rewrite A in the following way:

A= (14 w)éppE, (2.5)
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Figure 1. The plots show the effects of the elastic scattering model described in [29]. The matter
power spectrum (top) and its relative suppression with respect to wCDM (bottom) are shown for
different values of £, and w = —0.9. The differences between the synchronous (left) and Newtonian
(right) gauges are also shown.

where £ = UD% = %. In principle, £ has to be positive as it is a ratio of a cross-section
and a mass; however, we will also consider couplings with a negative sign. When we use a
negative coupling it can be thought of as a redefinition of the model, taking equation (2.3)
and placing a minus sign in front of A. For simplicity we will just notate this as a coupling

with a negative sign.

Throughout this paper we will work in the synchronous gauge unless otherwise stated.
Some previous work on the ES model has been done in the Newtonian gauge [35, 44|, however
any true observable is gauge independent [45]. Although the matter power spectrum is not
a true observable, we can see that the two gauges agree on all but the largest scales as
demonstrated in figure 1. Additionally the coupling term AAS is gauge independent.
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Figure 2. The CMB temperature-temperature (TT) power spectra for a range of values of £&. The
plots show the predictions from the ES models and uncoupled wCDM model (upper), the ratio between
the coupled models and uncoupled (lower) with w = —0.9.

Like other momentum-only models of IDE, the effect these models have on the CMB
is minimal when compared to an equivalent uncoupled model. In figure 2, we see that these
models only affect the CMB on the largest scales. This is due to a modification to how

the perturbations and potential wells evolve, leading to the well-known late-time integrated
Sachs-Wolfe (ISW) effect [46].

One of the key differences of the Elastic Scattering model compared to the Type 3 model
(discussed below) is the fact that in the £ — 0 (or w — —1) limit we recover wCDM. This
relates to another feature of the model that must be taken into account: there is a non-trivial
relation between A, £ and w. While £ can be very large, if w + 1 is very close to 0, then
its effect will be very small. This becomes an even greater issue if one considers cosmologies
where w < —1 is allowed, as this will cause the sign of A to flip. Despite this, it is still
interesting to explore the behaviour of the model when w < —1; however we will examine
the w < —1 and w > —1 branches separately to help disentangle the ¢ and w dependence.

In addition, it is interesting to examine the observational effects of w and & in more
detail to understand if and how the effects can be separated. A comparison of the effects
of w on the matter power spectrum can be seen in figure 3. Comparing this and figure 1,
which shows the effect on the matter power spectrum for different values of &, one might
be concerned that the two effects are so entangled that it may not be possible to separate
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Figure 3. A comparison of the synchronous gauge, linear matter power spectrum P(k) at z = 0 for a
range of values of w and fixed coupling, £ = 10 (top). The lower plot shows the ratios between these
ES models and ACDM.

them. However, figure 2 shows how different values of £ affect the CMB temperature power
spectrum; one can see that the effect is only visible as a change to the integrated Sachs-Wolfe
effect. Whereas in figure 4 the value of w is varied, here one can see the change in the
peaks is of the order of 5%. The key difference is that w, unlike the coupling &, affects the
background evolution and thus the distance to the last-scattering surface, leading to a shift
in the angular positions of the Doppler peaks.

2.2 Type 3 models

While the elastic scattering model is a phenomenological implementation of pure momentum
transfer interacting dark energy, similar models can be constructed from a Lagrangian for-
malism [17, 18]. In this approach, it can be shown that momentum-only exchange arises in
so-called Type & models where the Lagrangian takes the form,

L=F(Y,2,6)+ f(n). (2.6)
Here ¢ is the dark energy scalar field, n is the dark matter fluid number density, Y = %(quﬁ)Q

is the usual kinetic term and Z = u#V ,¢. It is this latter term that couples the dark matter
fluid velocity, u*, to the gradient of the scalar field. Here, the coupling current is,

Ju =& (Vo(Fru?) Vs + FzVpZ + ZFu"Vyug) (2.7)
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Figure 4. Comparing the CMB temperature (TT) power spectra for a range of values of w. The
plots show the predictions from the ES model, with fixed coupling £ = 10 for different values of w
(top) as well as the ratio between these models and the ACDM case (bottom).

with, ¢', = u"u, + 5’71 and the subscripts denote derivatives, e.g. Fy = dF/dZ. From the
above formula we find Jy = 0 up to second order, but §.J; # 0, hence Type 3 is a theory of
pure momentum exchange up to linear order.

Different implementations of these models have previously been studied [17, 19, 30, 31].
Here we focus on a specific model with variable sound speed (c2), which was first presented
in [31]. The Lagrangian takes the following form:

L=Y+/Z>+V(e). (2.8)

Working in the DM frame, the Lagrangian is

L:1<1+m%f

. 1 -
5 ) * = 3IVel’ = V(9), (2.9)



where (31 is a coupling constant with dimensions {1] The dark energy originates from a

¢
quintessence field assumed to have an exponential potential

V(¢) = Voe ™, (2.10)
where )\ and V| are constants.

2.3 Comparing the models

As mentioned above, these models are both IDE models and, to linear order, only effect the
perturbations through momentum exchange. In [30] the authors compared the ES model
from [29], with a Type 3 model. The authors followed and extended the parameterized post-
Friedmannian approach, previously applied to modified gravity theories [47], in order to in-
clude interacting dark energy. This was then used to describe a very broad range of scalar field
DE models that are coupled to a DM fluid. For a Type 3 model the momentum flux, S, is [30]

S = B3dpr + Bspr + BsOcpur, (2.11)

where the Bs, By and Bg coefficients depend on quantities that appear in the Lagrangian
and their derivatives.
In the case of the ES model,

S = (1 + w)pprEAd, (2.12)
so for the models to be equivalent, we would require

B3 =0, (2.13)
Bs = —Bg = (1 + w)ppré. (2.14)

If we examine the expressions for Bs, Bs and Bg for a Type 3 model, we get

1 ZFzc?
By=——_272% (2.15)
1 2Fz 1+w
PDM
_[F _ _ F,
35:“__[)( “Z _ 7| +Fy ’f_‘ﬁ”, (2.16)
1 — 2tz Fy aFy; Fy
PDM
Bg = —Bs —|—37‘[(1—|—w)33, (217)
where,
3Fy _ =
n= ZFY (Cz - Ci)(pDE + PDE)H7
_ 1 _ _ - = _
X= [(ZFZY — Fy2)Z — Fped — 3HFZ} ,
- - F,
Z=-3HZ |2+ 2o |
3H(ZFy — Fz)
The adiabatic sound speed, c2, is given by
, SH(ZFy = Fyz) = a|Fy+ Z°Fyy — ZFy,] oF, 21
c: = - —— — — —— — .
@ 3HZ(Fy+2ZFyz—Z2FYY —Fzz) 3H(ZFY —Fz)



and the sound speed, 2, is

ZFy — F
e S (2.19)
Z (FY +2ZFyz — Fzz — Z2FYY)

Although this is a complex set of equations, we can see that in the limit that c? —0,B3 =0
and Bs = — Bg reducing the Type 8 model to something that appears similar to the ES model.

However, finding a Lagrangian where ¢2 — 0 is challenging. It is shown in [31] that for
an action of the form

F=Y+Bp22"+V(4), (2.20)

when n > 2, the minimum value of ¢? = ﬁ So ¢2 — 0, only in the case where n — oo.
However, it is unclear how physical a model with a very large n is. In addition, it has
also been shown [32] that for a model in this form ¢ is inversely proportional to n, so as n
increases, the field becomes less dynamic.

Although finding a model where B3 = 0 and Bs = — Bg appears difficult, this does not
mean that the models are dissimilar. It is important to consider the effect these parameters
have on observables. In the coupling, Bs is multiplied by dpg which is shown in [31] to
be very small for the Type 3 model considered here. Based on this, it seems reasonable
to assume that this term will be small compared to the other coupling terms and that the
contribution of Bsdpg to S and any observables will be minimal, compared to contributions
from the other terms.

It is difficult to compare the size of the two contributions to Bg in eq. (2.17). The
complexity of the two functions means it is challenging to do an order of magnitude calculation
to estimate their relative size. Using a Boltzmann solver such as CLASS one can test the size
of these terms, but we have found the results inconclusive suggesting that the magnitude Bjy
and Bg may be similar at some scales but different at others.

Although the construction of the two models under consideration in this work is dif-
ferent, their main common feature is that the interaction is pure momentum exchange that
only affects perturbations. We find that this leads to similar results in our MCMC analysis,
but as we will see, some important differences remain.

It is also useful to note that there exist IDE models with interesting observational con-
sequences that do include energy transfer in the background. For example, [48] considers
metastable dark energy with radioactive-like decay, where the coupling is a constant depend-
ing on the intrinsic dark energy properties. In terms of the observables, the model of [48]
has significant effects on the CMB, as well as on the expansion history of the Universe. We
also note that a Bayesian analysis in [48] finds that a sub-class of these models in which
dark energy decays into dark matter leads to lower values of the Hubble parameter at large
redshifts relative to ACDM.

3 MCMC analysis

To constrain our models of IDE we perform an MCMC analysis using the MONTEPYTHON
code [39, 40], and compare with ACDM, wCDM and uncoupled quintessence. All of the
subsequent MCMC plots were created using GetDist [49)].



3.1 Data sets

The data we will consider include:?

CMB: The C}7T-data from Planck 2018 [3], including high and low -¢ polarisation as well
as the Planck lensing data from Planck 2018 [52].

BAO: Baryon Acoustic Oscillation (BAO) data from BOSS [53].
JLA: Joint Light-curve Analysis (JLA) supernova data [54].
SZ: Planck SZ cluster counts [3, 55, 56].

We choose not to include any weak lensing data directly in our MCMC analysis; this
is due the lack of knowledge of the non-linear modelling of our chosen IDE models (both
the dark matter non-linear modelling and the effects of baryonic feedback). While there has
been some work on N-body simulations of the ES model [35, 57], as well as on perturbation
theory predictions [44], to be conservative we will constrain ourselves to the linear regime for
both models. We choose flat priors on the cosmological parameters,

{wba wcdma 10008a loglo AS7 n87 TT‘eiO} 9 (31)

and we also include the nuisance parameters required by the Planck and JLA likelihoods.
Additionally we consider the derived parameters Hg, og and €,,.

It is also important to note the relation between og and the mass bias parameter b. For
the Planck SZ data this is set to (1—b) = 0.62+0.03 and is derived from the cluster counts and
the CMB [3]. It also uses the Tinker et al. halo mass function [58], which has been calibrated
against N-body simulations assuming ACDM. This implies a non-linear reanalysis of this
mass function is required to ensure consistency, but this is beyond the scope of this paper,
and given the non-linear studies of the ES model in [44] we do not believe this would have a
significant effect. A significantly lower value of this parameter would also solve the og tension,
however, other observations such as weak lensing, place constraints on this parameter [3].
We use the SZ likelihood implementation in the MONTEPYTHON code release, which is based
on the Planck 2013 SZ analysis? [55].

3.2 Non-interacting dark energy models

For context, we briefly describe constraints on non-interacting versions of the models con-
sidered here, namely wCDM and quintessence. The CMB data constrains the dark energy
behaviour to be close to that of a cosmological constant, but with relatively loose constraints
on the dark energy parameters. Related to this, the Hy peak also broadens; this degeneracy
between w and Hy in CMB is well documented [59], but it is interesting in the context of the
much discussed Hy tension (particularly in the w < —1 case) [14, 60].

The dark energy and Hg constraints are tightened considerably by the addition of the
BAO and JLA data, making the models very close to ACDM in practice. As a result, these
non-interacting models also exhibit the og tension exhibited by ACDM, which is evident
when the Planck SZ is added. Additionally, these uncoupled models have similar y? results
to ACDM. In the following, we will see how this tension is moderated in the momentum-
transfer models.

!We have not used more recent BAO and Supernova data (e.g. [50, 51]), but we do not expect our results
and conclusions to qualitatively change.
2T. Brinckmann, private communication.



3.3 Elastic scattering MCMC

Before beginning our MCMC analysis of the ES model we must first consider the degeneracy
highlighted in section 2.1. For models where the equation of state is close to w = —1, 1 +w
is small and poorly constrained; thus there is an effective degeneracy in the coupling term
A, between 1 + w and £ that prevents convergence of the MCMC. In order to break this
degeneracy, we introduce a new parameter,

E=¢(1+w), (3.2)

so A can now be written as, ~
A = &ppE. (3.3)

We choose a flat prior on w and a logarithmic prior on £. For the w > —1 case,
w e [~1;-0.3], log € € [-2,3], (3.4)

and for the w > —1 case, B
w < —1, log€ € [-2,3]. (3.5)

Examining the ES model with just the CMB data shows some interesting features, as
can be seen in figure 5. For this data, the model is comparable to the wCDM model; w
and & are relatively weakly constrained but we see the contours for both Hy and og broaden
compared to ACDM. The weakening of the og constraint to admit smaller values is effectively
by design; this feature appears in other momentum only IDE models [19, 31] and is consistent
with the suppression in the matter power spectrum seen in figure 1 and explored in [35, 44].
It is also a feature of models where w > —1, which can be seen in figure 3. Given that the
CMB data itself does not constrain og directly means that to 20, £ remains consistent with
zero; this was also seen for the models explored in [19, 31].

Adding BAO or supernova data to the CMB, places much stronger constraints on w
and prevents this model from accommodating the higher values of Hy observed by distance
ladder measurements [61]. This is also consistent with previous studies [14]. Finally, when
we add the SZ data we now see that £ has become much more tightly constrained. We see
that the data prefers a small value for log €. The non-zero coupling allows og to be smaller
than in the ACDM model, relieving some of the tension seen in that case. (See below for a
further discussion of this tension.)

The results for the elastic scattering model with w < —1 are shown in figure 6. When
all the data sets are considered, the w > —1 and the w < —1 branches look very similar; this
is due to the fact that for both cases w is very close to —1. The suppression of og indicates
a positive value for A x £(1 + w) However, while for w > —1 this is equivalent to a positive
value for &, for the w < —1 this is actually equivalent to a negative value for €.

3.4 Type 3 MCMC

For the Type 3 models, we exclude the negative values of 81 as they lead to pathologies like
ghosts [17]. Following [19, 31] we choose the following priors for A and f:

A€ [0;2.1], log B1 € [—2,15]. (3.6)

For the Type 3 model, X is the parameter that has the biggest influence on the equation
of state parameter today, w. Similar to what we see in the ES case, the two new param-
eters, A and (1, remain fairly unconstrained when we only consider the CMB data. The

~10 -



I ESCMBw> -1
s LCDM CMB

I ESCMB+BAOw> -1
BN ESFULL w> -1

0.98}

ns

0.96} |

70

Ho

60+

0.857
& 0.80r
0.75¢

/ J |
t k
22 2.4 0.96 0.98 60 70 076 0.84 0.3 0.4 Z09 07 -2 0
107%A; ns Ho Og Qm w logé

Figure 5. The plot shows the 1 and 20 constraints for ACDM with CMB data (grey) and the
ES model w > —1 using the CMB data (maroon), using the CMB+BAO (blue) or using CMB,
SZ, BAO and JLA (green). With only CMB and CMB+BAO data sets the ES model remains fairly
unconstrained, allowing a wide range of values for the parameters w and £. This leads to large contours
on the derived parameters Hy and og. The inclusion of Planck SZ data independently constrains og
which can be accommodated in the ES, resulting in a much more tight & contour.

lack of constraint on A means that the effective w remains relatively free. It follows that
the observational parameters closely related to w and (1, Hp and og, are similarly weakly
constrained. In the case of Hy we see similar or lower values when compared to ACDM as we
chose to restrict ourselves to the non-phantom branch of these models by having the kinetic
term with the usual sign and #; > 0. With regards to gg, we see that the Type 3 model can
accommodate lower values than ACDM.

As we saw in the ES case, introducing the BAO data places tighter constraints on w
and Hp. For the Type 3 model this means that A is more tightly determined. However, with
just the CMB and BAO datasets 1 and thus, og continue to be unconstrained.

- 11 -
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Figure 6. As above, but with a w < —1 ES model. The plot shows constraints for ACDM with CMB
data (grey) and the ES model w > —1 using the CMB data (maroon), using the CMB+BAO (blue)
and CMB, SZ, BAO and JLA data (green). The results are very similar to the w > —1 case seen
above because the observations constrain the dark energy equation of state to be close to w = —1.

When we add in the Planck SZ data we push og down and see that 31 settles to a value
around 10%. Both the T3 model and the ES model are able to accommodate the lower og
values arising from the SZ data. We also see that there is a slight shift of the parameter A
when we use all the data compared to the CMB only and the CMB+BAO data.

It is also interesting to compare this model to the Type 3 quadratic case studied in [19].
This model has the Lagrangian

L=Y +poZ*+V(¢), (3.7)

but unlike the previous T3 model, this model does not have a varying sound speed. The
MCMC analysis shows that these two models are very similar. Both models can fit the data
and accommodate lower values of g than ACDM. The main difference is the sign and the size
of the coupling parameters, 5y and 1. These changes are a direct result of the different cou-
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Figure 7. 1 and 2 o contours from ACDM CMB (grey), T3 model using CMB data alone (maroon),
using CMB and BAO data (blue), and using CMB, SZ, BAO and JLA data (green).

pling functions, for the model studied in [19] 8yZ? and for the model studied here and in [31],
B1Z3. Tt is useful to consider a dimensionless and dynamical coupling, 8123 = By(Z)Z? where
Bo(Z) = B1Z. For the chosen potential Z < 0, so for a positive 81, Bo(Z) is negative, like the
quadratic case. This method of looking at the coupling function is also useful when compar-
ing the scale of the coupling. In [31] the evolution of 517 is shown for given parameters, for
B1 =10, 39(Z) ~ 10° today; this is similar scale to the couplings discussed in [19].

Given that the coupling functions are very similar at late times, the main difference
between the models is that one has a varying sound speed and one does not. As the MCMC
analysis produces similar results for both models and it suggests that the varying sound speed
has a limited effect on observations. It was shown in [31], that the cubic model has a sound
speed between 1 and 1/2. Previous studies have shown that if a change in the sound speed of
DE is to produce observational effects, it must have ¢? < 1 [43, 62-64]. This idea is reinforced
by the fact that in [31], it is shown that the DE perturbations remain very subdominant when
compared to the DM perturbations, despite the reduction in the sound speed.
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LCDM ES (w>—-1) | ES (w < —1) Type 3
CMB CMB CMB CMB

Param mean+to mean+to mean+to mean+to
100 wp | 2.23470025 | 2233708925 | 221470082 2.23370-0%6
Wedm | 01176700028 1 0.1177F0-5022 | 0.124709%% | 0.117770393]
ns 0.970473997 | 0.970470:00%, | 0.96675:020 | 0.970170007
Treio | 0.086870:02% | 0.093070923 | 0.07270933 | 0.0875709%%
Hy 68.3711 65.173:2 81739 67.2512:3,
10°45 | 22267598 | 225470089 2.1670 18 2.22910-981
0% 0.8287001% | 0.79775:5%8 0.9470%9 0.80470:03¢
Qm 0.30275:012 | 0.33270:9% 0.2710-58 0.312+9:912
Wi - —0.89710028 | 1427058 -
s - - — | —oaastyoge
log € - —0.78 * —0.6118 -
log /31 - — — 6.31%
A - - - 0.95*
X2 790.6 791.5 790 791
Ax? -~ +0.9 —0.6 +0.4

Table 1. Constraints of cosmological parameters for ACDM, the T3 model and the ES model obtain
using an MCMC and CMB data. When only the CMB data is used log £ for the ES w > —1 case, log 81
and log 81 remain unconstrained and saturate the priors so we do not include standard deviations,
these parameters are marked with *.

3.5 Results

The best-fit model parameters and the resulting y? values using the CMB and full data sets
are shown in table 1 and table 2 respectively. With the CMB data alone, we find all of
the models fit with comparable y2. The ACDM model is within the wCDM and the ES
models, and effectively in the Type 3 model if the quintessence potential is made flat enough;
the best fit models are all consistent with this and the additional parameters are generally
poorly constrained. Thus considering the CMB data alone, ACDM is significantly preferred
compared to these more complex models.

This picture changes considerably when the other data sets are included. As discussed
below, the og tension manifests when the Planck SZ data is included, meaning the more
complex models provide a significantly improved y2. The contributions to the x? for each
data set are shown in table 3.

4 Discussion

Interacting dark energy models are discussed in the context of resolving tensions between
different data sets and momentum-only models are of particular interest in the context of the
og tension. One way of quantifying the tension in ACDM is examining how the best-fit model
with the CMB data changes when the fuller data set is included, particularly the Planck SZ
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LCDM ES (w>—-1) | ES (w < —1) Type 3
Full Full Full Full

Param mean+to mean+to mean+to mean+to
100 wp | 2.24370:02 2.244T0021 | 2.298004 2.23810:02,
Wedm | 0115753902 | 0.1157F3:901% | 0.11807099% | 0.11773:9913
M 0.972210:0044 | 0.975570:005% | 0.969070:9907 | 0.9717F:9047
Treio | 0.05877T009%% | 01097392 | 0.09170937 | 0.0901F0:917
Hy 69.0810:42 67.7310:93 69.271% 68.3970:85
1094, | 2.09470932 2.31570-085 2.247018 2.237+0-068
o3 0.797T0008L | 0.7671001, | 07710022 | 0.762F 001,
Qn 0.290979:9068 1 30170018 | 0.29379916 | 0.299510-0076
Wi - —0.9581000 | —1.03813:948 -~
e - - — | —oooatoom
log € - 0.8610-21 1061033 —
log A1 - - - 8.61%7
A - - - 1.7310%
x> 1500 1487 1488 1478
Ax? - —-13 —12 —22

Table 2. Constraints of cosmological parameters for ACDM, the T3 model and the ES model obtain
using an MCMC and CMB, BAO, JLA and SZ data.

(or weak lensing) data. From table 1, for ACDM, we see that og = 0.83 = 0.01 with the
CMB data, which falls to g = 0.797 + 0.007 when the full data are included. While the
SZ data would prefer even lower values (as will be seen in the momentum-exchange models
below), even this compromise model raises the contribution to y? from the CMB significantly
(Ax? ~ 14, as can be seen in table 3).

The situation is improved in the elastic scattering model, but some tension does remain.
If one looks at the 1D posteriors for €23, and og one might naively conclude that the ES model
is able to resolve the tension between the CMB data and the SZ data, but if we look at the 2D
posterior of Qs and og, we see there is still very little overlap between the ES CMB contour
and the ES CMB+BAO+JLA+SZ contour. As above, this can be seen by comparing the
CMB contribution to x? for the best-fit models with and without the other data. In this
case, Ax? ~ 6, which is a significant improvement over the ACDM case, but is still somewhat
concerning. This is demonstrated in figure 9; when we consider the ES model using only the
CMB data, the region of the parameter space where the lower values of og are found require
a very large value for 2, that is not compatible with what we see when we include the other
data sets. This can be seen more clearly when we look at Sg, which is motivated by weak
lensing and defined as Sg = og+/{2,/0.3.

The origin of the residual can be found in the fact that the CMB itself prevents the
coupling from becoming too large through the late-time ISW effect (see figure 2 and also
figure 8.) This truncates the distribution of the coupling above £ ~ 1, as can be seen in
figure 5; only when the SZ is included does the coupling rise sufficiently (to & ~ 7) to
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ACDM |ESw> -1 |ESw< 1| T3
CMB x> 805.1 797.4 800.8 791.4
A ACDM — 7.7 4.3 13.7
BAO X2 2.5 3.2 2.6 2.7
A ACDM — —0.7 —0.1 —0.2
JLA x> 683.3 683.6 683.4 683.3
A ACDM — —0.3 —0.1 —0.06
SZ X2 9.5 1.5 1.0 0.3
A ACDM — 8.0 8.5 9.2
Total X2 1500.4 1485.7 1487.8 1477.7
A ACDM — 14.7 12.6 22.7

Table 3. Break down of the contributions to the 2, for the best fit value, when all the data is
considered, for ACDM, ES w > —1, ES w < —1 and T3 model.

suppress the power spectrum. Despite this, the y? improvement for the elastic scattering
models is significant when all the data are included; from table 3, we see that it provides a
Ax? ~ 15, which is sufficient to justify the extra two degrees of freedom.

The Type & contours in the Sg — €1, plane are very similar to what we see in the ES
case when we consider all data (see figure 10). There is however a significant difference in the
CMB-only results; the Type 3 models are looser and seem to avoid the tension entirely. In this
case, it appears that the CMB constraint on the coupling arising from the ISW contribution
is not as strong, meaning some significant suppression of the power spectrum can be achieved
without disrupting the fit to the CMB data (see figure 8.) Therefore the Type 3 models have
a significantly lower chi-squared still, Ax? ~ 23. Again, this is strong enough to justify the
extra degrees of freedom, making these models a better candidate to resolve the tensions.

When not constrained by the model, the SZ data prefers a lower value for og = 0.76+0.01
We note that the chi-squared differences largely come from the CMB and SZ data. As the
background evolution in all models are consistent with a cosmological constant, the JLA and
BAO data do not distinguish between the models.

There is also a tension between the Planck CMB observations and the weak lensing
observations of KiDS [7, 65] and DES [8]). However, the analysis of weak lensing data
requires very careful consideration as it heavily depends on nonlinear effects, which are model
dependent (see e.g. [9, 12, 66—68]). A complete reanalysis of weak lensing data for interacting
dark energy models is beyond the scope of this paper but is the subject of future work.

5 Conclusions

In this paper we have explored models of interacting dark energy with pure momentum
exchange. We have tested their viability when they are compared to data from early and
late time cosmological probes using a modified version of cLASS and MONTEPYTHON. We
found that they are competitive with the cosmological standard model ACDM, even obtaining
significantly better fits when certain data sets are included. However, we should note that
the best way to compare different models is using the Bayesian evidence approach. We will
employ a full model selection analysis based on the Bayesian evidence in future work.
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Figure 8. The plot shows the CMB temperature (TT) power spectra when we take the best fit with
all of our chosen data for: ACDM, ES model and the Type 3 model, with the ACDM CMB best fit
for reference (top) and the ratio of these best fits to ACDM CMB (bottom). The ES model has an
enhanced ISW contribution which is disfavoured by the data; in the Type 3 case, this effect appears
to be compensated somewhat by shifts in the scalar amplitude and 7,;,-

Looking to the future, there is still much to learn about interacting dark energy models.
Current and forthcoming experiments such as the Dark Energy Spectroscopic Instrument
(DESI)? [69], Euclid* [42, 70], the Nancy Grace Roman Space Telescope® [71], and the
Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST)® [72] will test these
models in greater detail and forecasting this is a valuable process (see e.g. [28, 73, 74]).
We only consider models with time-independent couplings in this paper, but there is no

3https://www.desi.lbl.gov/.
“http://euclid-ec.org.
https://www.nasa.gov/roman.
Shttps://www.lsst.org/.
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Figure 9. 1 and 2 o contours from ACDM CMB (grey), ACDM CMB, SZ, BAO and JLA (red),
ES model with CMB (maroon) and ES model with CMB, SZ, BAO and JLA (red), wCDM CMB
(orange) and wCDM CMB SZ, BAO and JLA (purple). For this plot we restrict both the ES and
wCDM models to w > —1.

obvious physical reason why this would be the case. In addition to studying models with
a parameterised coupling (possibly similar to a wg, w, parameterisation commonly used
to study a dynamical equation of state), one could employ reconstruction techniques such
as the ones used in [75, 76], to explore how the coupling could evolve with time in a very
general way. Finally, there has been little work looking at the micro-physics of IDE models.
In general one would expect the introduction of the coupling to DM to introduce large
corrections to the DE field, possibly disrupting its ability to cause the accelerated expansion.
Momentum only models would likely not have this problem and investigating this in a
general and rigorous way is the subject of future work.
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Figure 10. 1 and 2 ¢ contours from ACDM CMB (grey), ACDM CMB, SZ, BAO and JLA (red), T3
model with CMB (maroon) and T3 model with CMB, SZ, BAO and JLA (red), Quintessence CMB
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Whilst this paper was being finalised, the following paper that covers similar topics was

added to the arXiv [36].

References

[1]

[5]
[6]

E.J. Copeland, M. Sami and S. Tsujikawa, Dynamics of dark energy, Int. J. Mod. Phys. D 15
(2006) 1753 [hep-th/0603057] [INSPIRE].

T. Clifton, P.G. Ferreira, A. Padilla and C. Skordis, Modified gravity and cosmology, Phys.
Rept. 513 (2012) 1 [arXiv:1106.2476] [INSPIRE].

PrLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [Erratum dbid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

L. Anderson et al., The clustering of galazxies in the SDSS-III baryon oscillation spectroscopic
survey: baryon acoustic oscillations in the data release 9 spectroscopic galaxy sample, Mon.

Not. Roy. Astron. Soc. 427 (2012) 3435.

Y .-S. Song et al., Consistent modified gravity analysis of anisotropic galazy clustering using
BOSS DR11, Phys. Rev. D 92 (2015) 043522 [arXiv:1507.01592] [INSPIRE].

BOSS collaboration, The clustering of galaxies in the completed SDSS-III baryon oscillation
spectroscopic survey: anisotropic galaxy clustering in Fourier-space, Mon. Not. Roy. Astron.
Soc. 466 (2017) 2242 [arXiv:1607.03150] [INSPIRE].

H. Hildebrandt et al., KiDS-450: cosmological parameter constraints from tomographic weak
gravitational lensing, Mon. Not. Roy. Astron. Soc. 465 (2017) 1454 [arXiv:1606.05338]
[INSPIRE].

DES collaboration, Dark Energy Survey year 1 results: cosmological constraints from galazy
clustering and weak lensing, Phys. Rev. D 98 (2018) 043526 [arXiv:1708.01530] [INSPIRE].

KiDS collaboration, KiDS-1000 cosmology: constraints beyond flat ACDM, Astron. Astrophys.
649 (2021) A88 [arXiv:2010.16416] INSPIRE].

C. Heymans et al., KiDS-1000 cosmology: multi-probe weak gravitational lensing and
spectroscopic galazy clustering constraints, Astron. Astrophys. 646 (2021) A140
[arXiv:2007.15632] [INSPIRE].

S. Joudaki et al., KiDS-450: testing extensions to the standard cosmological model, Mon. Not.
Roy. Astron. Soc. 471 (2017) 1259 [arXiv:1610.04606] INSPIRE].

A. Spurio Mancini et al., KiDS + GAMA: constraints on Horndeski gravity from combined
large-scale structure probes, Mon. Not. Roy. Astron. Soc. 490 (2019) 2155 [arXiv:1901.03686]
[INSPIRE].

E. Di Valentino, A. Melchiorri, O. Mena and S. Vagnozzi, Nonminimal dark sector physics and
cosmological tensions, Phys. Rev. D 101 (2020) 063502 [arXiv:1910.09853] [INSPIRE].

L. Knox and M. Millea, Hubble constant hunter’s guide, Phys. Rev. D 101 (2020) 043533
[arXiv:1908.03663] [INSPIRE].

E. Di Valentino et al., Cosmology intertwined III: fog and Ss, Astropart. Phys. 131 (2021)
102604 [arXiv:2008.11285] [INSPIRE].

L. Amendola, Coupled quintessence, Phys. Rev. D 62 (2000) 043511 [astro-ph/9908023]
[INSPIRE].

A. Pourtsidou, C. Skordis and E.J. Copeland, Models of dark matter coupled to dark energy,
Phys. Rev. D 88 (2013) 083505 [arXiv:1307.0458] [INSPIRE].

N. Tamanini, Phenomenological models of dark energy interacting with dark matter, Phys. Reuv.
D 92 (2015) 043524 [arXiv:1504.07397] [INSPIRE].

—90 —


https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1142/S021827180600942X
https://arxiv.org/abs/hep-th/0603057
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0603057
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://arxiv.org/abs/1106.2476
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.2476
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06209
https://doi.org/10.1111/j.1365-2966.2012.22066.x
https://doi.org/10.1111/j.1365-2966.2012.22066.x
https://doi.org/10.1103/PhysRevD.92.043522
https://arxiv.org/abs/1507.01592
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.01592
https://doi.org/10.1093/mnras/stw3298
https://doi.org/10.1093/mnras/stw3298
https://arxiv.org/abs/1607.03150
https://inspirehep.net/search?p=find+J%20%22Mon.Not.Roy.Astron.Soc.%2C466%2C2242%22
https://doi.org/10.1093/mnras/stw2805
https://arxiv.org/abs/1606.05338
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.05338
https://doi.org/10.1103/PhysRevD.98.043526
https://arxiv.org/abs/1708.01530
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1708.01530
https://doi.org/10.1051/0004-6361/202039805
https://doi.org/10.1051/0004-6361/202039805
https://arxiv.org/abs/2010.16416
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.16416
https://doi.org/10.1051/0004-6361/202039063
https://arxiv.org/abs/2007.15632
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.15632
https://doi.org/10.1093/mnras/stx998
https://doi.org/10.1093/mnras/stx998
https://arxiv.org/abs/1610.04606
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.04606
https://doi.org/10.1093/mnras/stz2581
https://arxiv.org/abs/1901.03686
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.03686
https://doi.org/10.1103/PhysRevD.101.063502
https://arxiv.org/abs/1910.09853
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.09853
https://doi.org/10.1103/PhysRevD.101.043533
https://arxiv.org/abs/1908.03663
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.03663
https://doi.org/10.1016/j.astropartphys.2021.102604
https://doi.org/10.1016/j.astropartphys.2021.102604
https://arxiv.org/abs/2008.11285
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.11285
https://doi.org/10.1103/PhysRevD.62.043511
https://arxiv.org/abs/astro-ph/9908023
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F9908023
https://doi.org/10.1103/PhysRevD.88.083505
https://arxiv.org/abs/1307.0458
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1307.0458
https://doi.org/10.1103/PhysRevD.92.043524
https://doi.org/10.1103/PhysRevD.92.043524
https://arxiv.org/abs/1504.07397
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.07397

[19]
[20]

[21]

[22]
23]

[24]

[25]

[31]

32]

[33]
[34]

[35]

A. Pourtsidou and T. Tram, Reconciling CMB and structure growth measurements with dark
energy interactions, Phys. Rev. D 94 (2016) 043518 [arXiv:1604.04222] [INSPIRE].

E. Di Valentino, A. Melchiorri and O. Mena, Can interacting dark energy solve the Hy
tension?, Phys. Rev. D 96 (2017) 043503 [arXiv:1704.08342] [INSPIRE].

M. Martinelli, N.B. Hogg, S. Peirone, M. Bruni and D. Wands, Constraints on the interacting
vacuum-geodesic CDM scenario, Mon. Not. Roy. Astron. Soc. 488 (2019) 3423
[arXiv:1902.10694] INSPIRE].

A. Gémez-Valent, V. Pettorino and L. Amendola, Update on coupled dark energy and the H
tension, Phys. Rev. D 101 (2020) 123513 [arXiv:2004.00610] InSPIRE].

G. Efstathiou, To Hy or not to Ho?, Mon. Not. Roy. Astron. Soc. 505 (2021) 3866
[arXiv:2103.08723] [NSPIRE].

G. D’Amico, T. Hamill and N. Kaloper, Quantum field theory of interacting dark matter and
dark energy: dark monodromies, Phys. Rev. D 94 (2016) 103526 [arXiv:1605.00996]
[INSPIRE].

M.C.D. Marsh, Ezacerbating the cosmological constant problem with interacting dark energy
models, Phys. Rev. Lett. 118 (2017) 011302 [arXiv:1606.01538] [INSPIRE].

R. Bean, E.E. Flanagan, 1. Laszlo and M. Trodden, Constraining interactions in cosmology’s
dark sector, Phys. Rev. D T8 (2008) 123514 [arXiv:0808.1105] [INSPIRE].

J.-Q. Xia, Constraint on coupled dark energy models from observations, Phys. Rev. D 80 (2009)
103514 [arXiv:0911.4820] [INSPIRE].

L. Amendola, V. Pettorino, C. Quercellini and A. Vollmer, Testing coupled dark energy with
next-generation large-scale observations, Phys. Rev. D 85 (2012) 103008 [arXiv:1111.1404]
[INSPIRE].

F. Simpson, Scattering of dark matter and dark energy, Phys. Rev. D 82 (2010) 083505
[arXiv:1007.1034] [NSPIRE].

C. Skordis, A. Pourtsidou and E.J. Copeland, Parametrized post-Friedmannian framework for
interacting dark energy theories, Phys. Rev. D 91 (2015) 083537 [arXiv:1502.07297]
[INSPIRE].

M.S. Linton, A. Pourtsidou, R. Crittenden and R. Maartens, Variable sound speed in
interacting dark energy models, JCAP 04 (2018) 043 [arXiv:1711.05196] [INSPIRE].

F.N. Chamings, A. Avgoustidis, E.J. Copeland, A.M. Green and A. Pourtsidou, Understanding
the suppression of structure formation from dark matter-dark energy momentum coupling,
Phys. Rev. D 101 (2020) 043531 [arXiv:1912.09858] [INSPIRE].

R. Kase and S. Tsujikawa, Scalar-field dark energy nonminimally and kinetically coupled to
dark matter, Phys. Rev. D 101 (2020) 063511 [arXiv:1910.02699] [INSPIRE].

R. Kase and S. Tsujikawa, Weak cosmic growth in coupled dark energy with a Lagrangian
formulation, Phys. Lett. B 804 (2020) 135400 [arXiv:1911.02179] INSPIRE].

M. Baldi and F. Simpson, Structure formation simulations with momentum exchange:
alleviating tensions between high-redshift and low-redshift cosmological probes, Mon. Not. Roy.
Astron. Soc. 465 (2017) 653 [arXiv:1605.05623] INSPIRE].

J. Beltrdn Jiménez, D. Bettoni, D. Figueruelo, F.A. Teppa Pannia and S. Tsujikawa, Probing
elastic interactions in the dark sector and the role of Ss, Phys. Rev. D 104 (2021) 103503
[arXiv:2106.11222] [INSPIRE].

J. Lesgourgues, The Cosmic Linear Anisotropy Solving System (CLASS) I: overview,
arXiv:1104.2932 [INSPIRE].

— 21 —


https://doi.org/10.1103/PhysRevD.94.043518
https://arxiv.org/abs/1604.04222
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.04222
https://doi.org/10.1103/PhysRevD.96.043503
https://arxiv.org/abs/1704.08342
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.08342
https://doi.org/10.1093/mnras/stz1915
https://arxiv.org/abs/1902.10694
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.10694
https://doi.org/10.1103/PhysRevD.101.123513
https://arxiv.org/abs/2004.00610
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.00610
https://doi.org/10.1093/mnras/stab1588
https://arxiv.org/abs/2103.08723
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.08723
https://doi.org/10.1103/PhysRevD.94.103526
https://arxiv.org/abs/1605.00996
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.00996
https://doi.org/10.1103/PhysRevLett.118.011302
https://arxiv.org/abs/1606.01538
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.01538
https://doi.org/10.1103/PhysRevD.78.123514
https://arxiv.org/abs/0808.1105
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD78%2C123514%22
https://doi.org/10.1103/PhysRevD.80.103514
https://doi.org/10.1103/PhysRevD.80.103514
https://arxiv.org/abs/0911.4820
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0911.4820
https://doi.org/10.1103/PhysRevD.85.103008
https://arxiv.org/abs/1111.1404
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD85%2C103008%22
https://doi.org/10.1103/PhysRevD.82.083505
https://arxiv.org/abs/1007.1034
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.1034
https://doi.org/10.1103/PhysRevD.91.083537
https://arxiv.org/abs/1502.07297
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.07297
https://doi.org/10.1088/1475-7516/2018/04/043
https://arxiv.org/abs/1711.05196
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.05196
https://doi.org/10.1103/PhysRevD.101.043531
https://arxiv.org/abs/1912.09858
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.09858
https://doi.org/10.1103/PhysRevD.101.063511
https://arxiv.org/abs/1910.02699
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.02699
https://doi.org/10.1016/j.physletb.2020.135400
https://arxiv.org/abs/1911.02179
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.02179
https://doi.org/10.1093/mnras/stw2702
https://doi.org/10.1093/mnras/stw2702
https://arxiv.org/abs/1605.05623
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.05623
https://doi.org/10.1103/PhysRevD.104.103503
https://arxiv.org/abs/2106.11222
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.11222
https://arxiv.org/abs/1104.2932
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1104.2932

[38]

[39]

[40]
[41]
42]
43]
[44]

[45]

[46]

[49]

[50]

D. Blas, J. Lesgourgues and T. Tram, The Cosmic Linear Anisotropy Solving System (CLASS)
II: approximation schemes, JCAP 07 (2011) 034 [arXiv:1104.2933] [INSPIRE].

B. Audren, J. Lesgourgues, K. Benabed and S. Prunet, Conservative constraints on early
cosmology: an illustration of the Monte Python cosmological parameter inference code, JCAP
02 (2013) 001 [arXiv:1210.7183] [INSPIRE].

T. Brinckmann and J. Lesgourgues, MontePython 3: boosted MCMC' sampler and other
features, Phys. Dark Univ. 24 (2019) 100260 [arXiv:1804.07261] [INSPIRE].

B. Bose and K. Koyama, A perturbative approach to the redshift space power spectrum: beyond
the Standard Model, JCAP 08 (2016) 032 [arXiv:1606.02520] INSPIRE].

EucLiD collaboration, Fuclid preparation: VII. Forecast validation for Euclid cosmological
probes, Astron. Astrophys. 642 (2020) A191 [arXiv:1910.09273] INSPIRE].

G. Ballesteros and J. Lesgourgues, Dark energy with non-adiabatic sound speed: initial
conditions and detectability, JCAP 10 (2010) 014 [arXiv:1004.5509] [INSPIRE].

B. Bose, M. Baldi and A. Pourtsidou, Modelling non-linear effects of dark energy, JCAP 04
(2018) 032 [arXiv:1711.10976] INSPIRE].

M. Bruni, R. Crittenden, K. Koyama, R. Maartens, C. Pitrou and D. Wands, Disentangling
non-Gaussianity, bias and GR effects in the galaxzy distribution, Phys. Rev. D 85 (2012) 041301
[arXiv:1106.3999] [INSPIRE].

R.K. Sachs and A.M. Wolfe, Perturbations of a cosmological model and angular variations of
the microwave background, Astrophys. J. 147 (1967) 73 [Gen. Rel. Grav. 39 (2007) 1929]
[INSPIRE].

T. Baker, P.G. Ferreira, C. Skordis and J. Zuntz, Towards a fully consistent parameterization
of modified gravity, Phys. Rev. D 84 (2011) 124018 [arXiv:1107.0491] [NSPIRE].

A. Shafieloo, D.K. Hazra, V. Sahni and A.A. Starobinsky, Metastable dark energy with
radioactive-like decay, Mon. Not. Roy. Astron. Soc. 473 (2018) 2760 [arXiv:1610.05192]
[INSPIRE].

A. Lewis, GetDist: a python package for analysing Monte Carlo samples, arXiv:1910.13970
[INSPIRE].

BOSS collaboration, The clustering of galaxies in the completed SDSS-III Baryon Oscillation
Spectroscopic Survey: cosmological analysis of the DR12 galaxy sample, Mon. Not. Roy.
Astron. Soc. 470 (2017) 2617 [arXiv:1607.03155] [InSPIRE].

PAN-STARRSTI collaboration, The complete light-curve sample of spectroscopically confirmed
SNe Ia from pan-STARRS1 and cosmological constraints from the combined pantheon sample,
Astrophys. J. 859 (2018) 101 [arXiv:1710.00845] [InSPIRE].

PrLANCK collaboration, Planck 2018 results. VIII. Gravitational lensing, Astron. Astrophys. 641
(2020) A8 [arXiv:1807.06210] [INSPIRE].

BOSS collaboration, The clustering of galazies in the SDSS-III Baryon Oscillation
Spectroscopic Survey: baryon acoustic oscillations in the data releases 10 and 11 galazy
samples, Mon. Not. Roy. Astron. Soc. 441 (2014) 24 [arXiv:1312.4877] [INSPIRE].

SDSS collaboration, Improved cosmological constraints from a joint analysis of the SDSS-I1I and
SNLS supernova samples, Astron. Astrophys. 568 (2014) A22 [arXiv:1401.4064] INSPIRE].

PLANCK collaboration, Planck 2013 results. XX. Cosmology from Sunyaev-Zeldovich cluster
counts, Astron. Astrophys. 571 (2014) A20 [arXiv:1303.5080] [INSPIRE].

PrLANCK collaboration, Planck 2015 results. XXIV. Cosmology from Sunyaev-Zeldovich cluster
counts, Astron. Astrophys. 594 (2016) A24 [arXiv:1502.01597] [INSPIRE].

- 29 —


https://doi.org/10.1088/1475-7516/2011/07/034
https://arxiv.org/abs/1104.2933
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1104.2933
https://doi.org/10.1088/1475-7516/2013/02/001
https://doi.org/10.1088/1475-7516/2013/02/001
https://arxiv.org/abs/1210.7183
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.7183
https://doi.org/10.1016/j.dark.2018.100260
https://arxiv.org/abs/1804.07261
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.07261
https://doi.org/10.1088/1475-7516/2016/08/032
https://arxiv.org/abs/1606.02520
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.02520
https://doi.org/10.1051/0004-6361/202038071
https://arxiv.org/abs/1910.09273
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.09273
https://doi.org/10.1088/1475-7516/2010/10/014
https://arxiv.org/abs/1004.5509
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1004.5509
https://doi.org/10.1088/1475-7516/2018/04/032
https://doi.org/10.1088/1475-7516/2018/04/032
https://arxiv.org/abs/1711.10976
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10976
https://doi.org/10.1103/PhysRevD.85.041301
https://arxiv.org/abs/1106.3999
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.3999
https://doi.org/10.1086/148982
https://doi.org/10.1007/s10714-007-0448-9
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.%2C147%2C73%22
https://doi.org/10.1103/PhysRevD.84.124018
https://arxiv.org/abs/1107.0491
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.0491
https://doi.org/10.1093/mnras/stx2481
https://arxiv.org/abs/1610.05192
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.05192
https://arxiv.org/abs/1910.13970
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.13970
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
https://arxiv.org/abs/1607.03155
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.03155
https://doi.org/10.3847/1538-4357/aab9bb
https://arxiv.org/abs/1710.00845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.00845
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.1051/0004-6361/201833886
https://arxiv.org/abs/1807.06210
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06210
https://doi.org/10.1093/mnras/stu523
https://arxiv.org/abs/1312.4877
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.4877
https://doi.org/10.1051/0004-6361/201423413
https://arxiv.org/abs/1401.4064
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.4064
https://doi.org/10.1051/0004-6361/201321521
https://arxiv.org/abs/1303.5080
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.5080
https://doi.org/10.1051/0004-6361/201525833
https://arxiv.org/abs/1502.01597
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01597

[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

[68]

M. Baldi and F. Simpson, Simulating momentum exchange in the dark sector, Mon. Not. Roy.
Astron. Soc. 449 (2015) 2239 [arXiv:1412.1080] [INSPIRE].

J.L. Tinker et al., Toward a halo mass function for precision cosmology: the limits of
universality, Astrophys. J. 688 (2008) 709 [arXiv:0803.2706] [INSPIRE].

PLANCK collaboration, Planck 2015 results. XIV. Dark energy and modified gravity, Astron.
Astrophys. 594 (2016) Al4 [arXiv:1502.01590] [INSPIRE].

J.L. Bernal, L. Verde and A.G. Riess, The trouble with Hy, JCAP 10 (2016) 019
[arXiv:1607.05617] [INSPIRE].

A.G. Riess et al., A 2.4% determination of the local value of the Hubble constant, Astrophys. J.
826 (2016) 56 [arXiv:1604.01424] [INSPIRE].

J.-Q. Xia, Y.-F. Cai, T.-T. Qiu, G.-B. Zhao and X. Zhang, Constraints on the sound speed of
dynamical dark energy, Int. J. Mod. Phys. D 17 (2008) 1229 [astro-ph/0703202] [INSPIRE].

R. de Putter, D. Huterer and E.V. Linder, Measuring the speed of dark: detecting dark energy
perturbations, Phys. Rev. D 81 (2010) 103513 [arXiv:1002.1311] [INSPIRE].

T. Basse, O.E. Bjaelde, S. Hannestad and Y.Y.Y. Wong, Confronting the sound speed of dark
energy with future cluster surveys, arXiv:1205.0548 [INSPIRE].

KiDS collaboration, KiDS-1000 cosmology: cosmic shear constraints and comparison between
two point statistics, Astron. Astrophys. 645 (2021) A104 [arXiv:2007.15633] [INSPIRE].

A. Schneider et al., Baryonic effects for weak lensing. Part II. Combination with X-ray data
and extended cosmologies, JCAP 04 (2020) 020 [arXiv:1911.08494] [INSPIRE].

EucLiD collaboration, Fuclid: impact of non-linear and baryonic feedback prescriptions on
cosmological parameter estimation from weak lensing cosmic shear, Astron. Astrophys. 649
(2021) A100 [arXiv:2010.12382] [INSPIRE].

B. Bose et al., On the road to per cent accuracy — V. The non-linear power spectrum beyond
ACDM with massive neutrinos and baryonic feedback, Mon. Not. Roy. Astron. Soc. 508 (2021)
2479 [arXiv:2105.12114] [INSPIRE].

DESI collaboration, The DESI experiment part I: science, targeting, and survey design,
arXiv:1611.00036 [INSPIRE].

EUCLID collaboration, Euclid definition study report, ar¥iv:1110.3193 [INSPIRE].

D. Spergel et al., Wide-Field InfrarRed Survey Telescope-Astrophysics Focused Telescope Assets
WFIRST-AFTA 2015 report, arXiv:1503.03757 INSPIRE].

LSST DARK ENERGY SCIENCE collaboration, The LSST Dark Energy Science Collaboration
(DESC) science requirements document, arXiv:1809.01669 [INSPIRE].

D. Figueruelo et al., J-PAS: forecasts for dark matter-dark energy elastic couplings, JCAP 07
(2021) 022 [arXiv:2103.01571] [INSPIRE].

P. Carrilho, C. Moretti, B. Bose, K. Markovi¢ and A. Pourtsidou, Interacting dark energy from
redshift-space galazy clustering, JCAP 10 (2021) 004 [arXiv:2106.13163] [INSPIRE].

N.B. Hogg, M. Bruni, R. Crittenden, M. Martinelli and S. Peirone, Latest evidence for a late
time vacuum-geodesic CDM interaction, Phys. Dark Univ. 29 (2020) 100583
[arXiv:2002.10449] [INSPIRE].

R.G. Crittenden, G.-B. Zhao, L. Pogosian, L. Samushia and X. Zhang, Fables of reconstruction:
controlling bias in the dark energy equation of state, JCAP 02 (2012) 048 [arXiv:1112.1693]
[INSPIRE].

~93 -


https://doi.org/10.1093/mnras/stv405
https://doi.org/10.1093/mnras/stv405
https://arxiv.org/abs/1412.1080
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.1080
https://doi.org/10.1086/591439
https://arxiv.org/abs/0803.2706
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0803.2706
https://doi.org/10.1051/0004-6361/201525814
https://doi.org/10.1051/0004-6361/201525814
https://arxiv.org/abs/1502.01590
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01590
https://doi.org/10.1088/1475-7516/2016/10/019
https://arxiv.org/abs/1607.05617
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.05617
https://doi.org/10.3847/0004-637X/826/1/56
https://doi.org/10.3847/0004-637X/826/1/56
https://arxiv.org/abs/1604.01424
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.01424
https://doi.org/10.1142/S0218271808012784
https://arxiv.org/abs/astro-ph/0703202
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0703202
https://doi.org/10.1103/PhysRevD.81.103513
https://arxiv.org/abs/1002.1311
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.1311
https://arxiv.org/abs/1205.0548
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.0548
https://doi.org/10.1051/0004-6361/202039070
https://arxiv.org/abs/2007.15633
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.15633
https://doi.org/10.1088/1475-7516/2020/04/020
https://arxiv.org/abs/1911.08494
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.08494
https://doi.org/10.1051/0004-6361/202039835
https://doi.org/10.1051/0004-6361/202039835
https://arxiv.org/abs/2010.12382
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.12382
https://doi.org/10.1093/mnras/stab2731
https://doi.org/10.1093/mnras/stab2731
https://arxiv.org/abs/2105.12114
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.12114
https://arxiv.org/abs/1611.00036
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.00036
https://arxiv.org/abs/1110.3193
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1110.3193
https://arxiv.org/abs/1503.03757
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.03757
https://arxiv.org/abs/1809.01669
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.01669
https://doi.org/10.1088/1475-7516/2021/07/022
https://doi.org/10.1088/1475-7516/2021/07/022
https://arxiv.org/abs/2103.01571
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.01571
https://doi.org/10.1088/1475-7516/2021/10/004
https://arxiv.org/abs/2106.13163
https://inspirehep.net/search?p=find+J%20%22JCAP%2C2110%2C004%22%20and%20year%3D2021
https://doi.org/10.1016/j.dark.2020.100583
https://arxiv.org/abs/2002.10449
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.10449
https://doi.org/10.1088/1475-7516/2012/02/048
https://arxiv.org/abs/1112.1693
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.1693

	Introduction
	The models
	Elastic scattering
	Type 3 models 
	Comparing the models

	MCMC analysis
	Data sets
	Non-interacting dark energy models
	Elastic scattering MCMC
	Type 3 MCMC
	Results

	Discussion
	Conclusions

