Chapter 5

Dark sector interaction: a remedy for

CMB and LSS tensions

The well-known tensions on the cosmological parameters H, and og within the ACDM
cosmology shown by the Planck-CMB and LSS data are possibly due to the systematics
in the observational data or our ignorance of some new physics beyond the ACDM model.
In this chapter, we ignore the possible systematics in data (if any) and focus on the sec-
ond possibility. We investigate a minimal extension of the ACDM model by allowing
coupling between its dark sector components: DE and DM, of the Universe. We investi-
gate this coupling scenario with the data from Planck-CMB, KiDS, and HST. Here, the
Planck-CMB data comprises ’'Planck-highl + Planck-lowl’ likelihoods, not the lensing
likelihood and we refer this data simply as “Planck™ throughout this chapter. The main
aim of this work is to test whether there is statistical support for an interaction between
DM and DE from observational data and to see whether the interaction could be a remedy
of tension between Planck-CMB and LSS measurements. Here, we constrain the model
parameters with Planck and KiDS data (which are in tension within the framework of
ACDM model), separately and also jointly together with HST data. The purpose of doing

this is to analyze the possible consequences of dark sector coupling, in particular on H,
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and og parameters. In addition, we constrain the standard ACDM model with the same
set of data combinations, for comparison purposes. The research work presented in this

chapter is carried out in the research paper [189].

5.1 Introduction

The CMB observations from Planck [32] together with the observations of cosmic expan-
sion history from independent measurements, BAO [190] and SNe Ia [191], find a very
good statistical fit to the standard model of cosmology, viz., the ACDM model. How-
ever, with the gradual increase in the data accumulation with a great precision, the latest
Planck-CMB data show inconsistency with the direct measurements of Hubble expansion
rate from the HST [39], and some LSS observations such as galaxy cluster counts [42,43]
and weak gravitational lensing [44,45], in the framework of the ACDM model. Specif-
ically, the value of Hubble constant, //, and the value of root mean squared fluctuation
of density perturbation estimated at the sphere of radius 82~ Mpc, characterized by pa-
rameter, og, inferred from the CMB experiments are in a serious disagreement with the
ones measured from the LSS experiments [101, 102], as discussed earlier in Chapter 1.
At present, it is not clear whether these inconsistencies in the parameters are due to sys-
tematics in the data measurement or need some new physics beyond the standard ACDM
model [46,47]. Several studies have been carried out in the literature to reconcile these
tensions between the CMB and LSS observations [49-52, 104]. But both the tensions
are not resolved simultaneously at a significant statistical level. Rather, by assuming
neutrino properties, the parameters are correlated in such a way that lower values of oy
require higher values of total matter density and smaller values of H,, which aggravates
the tensions (e.g. [53]). In [54], it is argued that the presence of sterile neutrinos (fourth
kind of neutrino which is not the part of the standard model) do not bring a new concor-
dance, but possibly indicating systematic biases in the measurements. However, recently
in [55], it has been argued that incorporation of the dissipative effects in the energy mo-
mentum tensor can ameliorate both the tensions simultaneously. Likewise in [56], it is

claimed that the presence of viscosity, shear or bulk or combination of both, can alle-
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viate both the tensions simultaneously. At present, the precise nature of constituents of
the dark sector in the ACDM model, namely CDM and DE (the vacuum energy mim-
icked by A), is unknown. Moreover, these two are major energy ingredients accounting
for around 95% energy budget of the Universe. So, a possibility of an exchange of en-
ergy/momentum or interaction between the dark sector components can not be ignored,
especially, when considering the current issues with the ACDM model. Consequently, in
recent years, a large number of studies have been carried out with regard to the interac-
tion between the dark sector components of the Universe with different motivations and
perspectives [125, 141-143, 192-205] (see [206] for a review). In particular, a possible
interaction in the dark sector has been investigated in [142, 143,192, 193], where it has
been argued that a dark sector coupling could be a possible remedy to the H, and og
tensions. In light of the above discussion, it is important to investigate the possibility of
interaction in the dark sector with recent cosmological observations. A strong statistical
support of interaction from recent data sets might be helpful in alleviating some of the

issues of the ACDM model.

5.2 Interacting model of dark sector

In general, the background evolution of coupled dark sector components, in the FLRW

Universe, is encoded in the coupled energy-momentum conservation equations:

pdm + 3I{/Odm - _pde - 3-[—-[pde(l + wde) = Q7 (51)

where an over dot stands for the cosmic time derivative; pq,, and pg. are the energy
densities of DM and DE, respectively; H = a/a is the Hubble parameter with a being
the scale factor of the Universe; wq. is EoS parameter of DE; and () is the coupling
function between the dark sector components, which characterizes the interaction form,
viz., () < 0 corresponds to energy flow from DM to DE, and () > 0 the opposite case. The
most commonly used forms of () in the literature are: ) o< H pqy, or () o< H pge or their

combinations [207,208]. In this work, we use ) & H pq. in order to avoid the instability
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in the perturbations at early times [209,210]. Thus, we use the form Q = ¢ H pg., where
0 is the coupling parameter that quantifies the coupling between DM and DE. With the
chosen coupling function, the conservation equation where dark matter and dark energy
interact reads as,

) a a
Pdm + 3_pdm = —5Pde7
a a

p 4 (5.2)
pde + 3_(1 + wde)pde = __5pde‘
a a
Therefore, the evolution of density of dark energy and dark matter is given by
pae = paco a0, (5.3)
0 Pde J Pde
Pdm = Pdmo a73 + Pac0 -3 & a73(1+wde)*5_ (54)

—a R

3wWge + 0 3wWqe + 0

At perturbative level, we adopt the synchronous gauge in which the evolution of the scalar
mode perturbations within a general interacting DM and DE scenario, in the Fourier

space, is governed by the equations [211-213]:

. k2 h Sde

i — gt 1 L = e (5.5)
a 2 Pdm Pdm
édmpdm - 5de + Qedm' (56)

where () is the previously defined coupling function and % is the scalar mode in syn-
chronous gauge. In addition, we assume the energy transfer flow between the dark sector
components parallel to the four-velocity of the DM, i.e., Qg‘m = —Quﬁm. Thus, there
is no momentum transfer in the rest frame of DM, and the velocity perturbation for DM
is not affected by the interaction, and therefore obeys the standard evolution as expected
in the synchronous gauge. Therefore, the DM four-velocity u/y  is a geodesic flow, i.e,
ufy V,ul, = 0. A direct consequence is that the vacuum energy perturbation contribu-
tion in the DM comoving frame is identically null. The other species (baryons, photons
and neutrinos) are conserved independently, and their dynamics follow the well-known

standard evolution both at the background and perturbative levels.
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5.2.1 Results and discussion

Following the above arguments, in this work, we adopt wq. = —1, i.e., we allow the
interaction of vacuum energy with the CDM, and refer to this scenario simply as [IVCDM
model in the remaining text. This model is investigated in many studies eg. [192, 211,
212], and very recently in [213], but mainly in the context of interaction in the dark
sector. Here, we present an analysis with the main objective to investigate whether this
said dark sector interaction could be a possible remedy of the tensions between the CMB
and LSS data. To analyze the IVCDM model in contrast with the ACDM model, we
use the following observational data sets: Planck-CMB, KiDS, and HST. We analyze
both the IVCDM and ACDM models with Planck and KiDS data separately to clearly
demonstrate the issue/resolution of the tensions among the two data sets. In order to
obtain more tight constraints on the model parameters, we also study two joint analyses
with HST data: Planck + HST and Planck + HST + KiDS. The base parametric space for

IVCDM scenario is given below:

Prvepm = {wba Wedm, As, 1, A, 5}7 (5.7)

where ¢ is the coupling parameter and h is dimensionless reduced Hubble parameter with
Hy = 100h kms—! Mpc~1.

In all analyses performed here, we choose uniform priors on ACDM and IVCDM
baseline parameters as shown in the second column of the Table 5.1. Table 5.1 summa-
rizes the main results from the statistical analyses of the ACDM and [VCDM models with
four combinations of data sets: Planck, KiDS, Planck + HST, and Planck + HST + KiDS
data. We notice similar constraints on the baseline parameters wy,, Wedm, As, 1, in the two
models in all the four cases of data sets under consideration. In what follows, we discuss
the constraints on other parameters with regard to the tensions on the parameters H, and
os, In particular. First we discuss the constraints with regard to the tension on Hj,. In the
left panel of Figure 5.1, the 2,,, — Hy parametric space is shown for the ACDM model with

a yellow band corresponding to the local value Hy = 73.24£1.74km s~ Mpc~! [39], in
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Table 5.1: Constraints at 68% CL on free and some derived parameters of the ACDM
and [VCDM models from the four data combinations. The parameter / is measured in
units of km s~'Mpc~!. The final row displays 2 values of the statistical fit.

Parameter Prior Planck KiDS Planck + HST Planck + HST + KiDS
ACDM  IVCDM | ACDM  IVCDM | ACDM  IVCDM | ACDM  IVCDM
10%wy, [1.8,2.6] | 2235007 2227007 | 223007 2257020 | 2257002 2227007 | 226707 223700
Wedm | [0.01,0.99] | 0.120%39%2  0.12079%2 | 0.12475:919  0.123+3:942 | 0.120799%2  0.120759%2 | 0.115+5:991  0.119+5:502
In[10"A,] | [2.4,4] |3.120%500% 3.12179007 | 2.76070500  2.80019400 | 31160000 3.12070:008 | 3.11450:9%%  3.1201 9000
g [0.9,1.3] | 0.967795%  0.96570:9% | 1.06015:22  1.070+0:209 | 0.9737955  0.96475:908 | 09784599 0.967+-000
H, (60, 90] 67.8709 722133 73.6158 742179 68.970 729007 | 69.7707 73.6%18
) [-1,1] 0 —0.347940 0 —0.237943 0 —0.407517 0 —0.40791¢
o - 0.30970512 02767051 [ 0.27475071  0.2677000 | 0.29470010  0.26970012 | 0.284750%  0.2627001
os - 0.838T0007  0.72570:039 | 0.734709%5  0.67879950 | 0.83010097 07107005 | 0.82473005  0.702050%0
/2 - 563159  5631.75 24.06 24.21 563552  5631.69 | 5662.63  5659.82
75.0 82.5
73.5 80.0
72.0 77.5
o705 ) o750
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Figure 5.1: Parametric space (68% and 95% CL) in the plane §2,, — H, for the ACDM
(left panel) and IVCDM model (right panel) from three data sets. In the left panel, it
is clear to see that the local measurement of Hy = 73.24 + 1.74 km s~ 'Mpc™~! (yellow
band) is in disagreement with the statistical region of H, from the three data sets within
the ACDM cosmology. In the right panel, we see that there is no tension on H, within
68% CL in the IVCDM model.

case of Planck, Planck + HST and Planck + HST + KiDS data!. Clearly, the local mea-
surement of H is in disagreement with the region of H, predicted by Planck data [43],
and other two data combinations within the ACDM cosmology. In the right panel of Fig-
ure 5.1, the €2, — H, parametric space for the IVCDM model is shown, where one can
clearly see that horizontal band showing locally measured range of Hj, is passing through
the central region of all contours. Thus, we can conclude that there is no tension on H|

parameter within [IVCDM model. With regard to the tension on og, in the left panel of

'We have not shown the Q,, — H, statistical region for KiDS data set because it is insensitive to the
parameter Hy [44].
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Figure 5.2: Parametric space (68% and 95% CL) in the plane €2, — og for the ACDM
(left panel) and IVCDM model (right panel) from four data sets. In the left panel, we see
that the (2, — o region given by the Planck data within the ACDM cosmology is clearly
in disagreement with the region predicted by KiDS data, as well as with the range given
by Planck-SZ (red band). In the right panel for the IVCDM model, we observe that there
is no tension on og within 68% CL.

Figure 5.2, the (2, — 0 parametric space is shown for the ACDM model with a red band
corresponding to the Planck-SZ measurement og = 0.75 £ 0.03 [174]. Clearly, €2,,, — o3
region given by Planck, Planck + HST and Planck + HST + KiDS data within the ACDM
cosmology is in disagreement with the region predicted by KiDS data, and also with the
Planck-SZ measurement of og. In the right panel of Figure 5.2, the {2, — og parametric
space is shown for the [IVCDM model, where we observe that there is no tension on oy
within 68% CL from Planck data, KiDS data and other two data combinations as well.
The tension between the Planck and KiDS data is also quantified by a parameter Sg, that
is a combination of oy and €2, via the relation Sz = oy \/m One can see from
the left panel of Figure 5.3, where the 2,,, — Sg parametric space is shown for the ACDM
model from the four analyses performed here. Clearly, region given by Planck and Planck
+ HST data within the ACDM cosmology is in disagreement with the region predicted by
KiDS data. In the right panel of Figure 5.3, we have shown the same parametric space for
the IVCDM model, where we note that there is no tension on Sg, and all these data sets
are in agreement with each other. It is important to note that, since the CMB and LSS pre-
dictions are not in tension with each other within the IVCDM model, we can use all these
data in a joint analysis. In so far discussion, we have shown that the well-known tensions

on both the parameters H, and os of ACDM model disappear within the framework of
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Figure 5.3: Parametric space (at 68% and 95% CL) in the plane €2, — Sg for the ACDM
(left panel) and IVCDM model (right panel) from four data sets. In the left panel, we see
that the (2, — Sg region given by the Planck data within the ACDM cosmology is clearly
in disagreement with the region Sg = 051/, /0.30 = 0.651 4 0.058, predicted by KiDS
data (red band). In the right panel for the IVCDM model, we observe that there is no
tension on Sg within 68% CL.
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Figure 5.4: 6 — Hy (left panel) and § — oy (right panel) parametric spaces (68% and
95% CL) for the IVCDM model from three data sets. The yellow band corresponds to
local value Hy = 73.24 + 1.74 km s~ !Mpc~! whereas the light red band corresponds to
og = 0.75 £ 0.03 by Planck-SZ measurement.

IVCDM model. Next, we focus our attention on the coupling parameter 9. In Figure 5.4,
the statistical regions (at 68% and 95% CL) on ¢ are shown with H, and og from Planck
data, and the other two data sets including Planck. We observe that ¢ finds a negative
correlation with H, while a positive correlation with og. It amounts to saying that lower
values of ¢ correspond to higher values of H, and lower values of og, which is nice with
regard to resolving tensions on the both Hj and og simultaneously. We have quantified
the correlation strength r of § with Hy and og parameters which is shown in Table 5.2 for

all the four data sets. We notice very strong correlations of 6 with H, and og in case of
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Planck data, and two other data combinations with the Planck data. Interestingly, o shows

a strong and positive correlation with og in case of KiDS data, as well. We find at 99%

Table 5.2: Correlation r of coupling parameter, o with H, and o.

Data T§H, Tsog

Planck —0.9662 0.9810
KiDS 0.0397 0.7768
Planck + HST —0.8205 0.9595

Planck + HST + KiDS —0.8463 0.9672

CL on coupling parameter §, viz., —0.347522, —0.23%072, —0.4070%, and —0.4073%
for the Planck, KiDS, Planck + HST, Planck + HST + KiDS data, respectively. We no-
tice that the mean values of ¢§ in all cases are negative, indicating the energy/momentum
flow from the DM to DE. Clearly, it is reflected by the lower values of fractional matter
density, €2, in the IVCDM model compared to the ACDM model with all data sets dis-
played in Table 5.1. Further, it is interesting to observe that the non-null range of § with
negative values is up to 99% CL in the joint analyses: Planck + HST + KiDS. Thus, we
find a strong statistical support for interaction in the dark sector of the ACDM Universe
from recent observational data while alleviating both H and oy tensions of the ACDM,
simultaneously. The IVCDM model is well-behaved both at background and perturbative

levels and providing interesting results on f and og parameters.

5.2.2 Bayesian model comparison

Finally, we perform a statistical comparison of the [IVCDM model with standard ACDM
model by using the well-known information criterion, AIC [68, 69] as discussed in sub-
section 2.1.4 of Chapter 2.

Table 5.3 summarizes the AIC differences of [IVCDM model with reference model
(ACDM) for the four data combinations. One may notice that in all the analyses per-
formed here, we do not find any strong support in favor of the ACDM model. On the
other hand, in general, the IVCDM model is penalized in the AIC criterion due to one

extra free parameter when compared to the ACDM model. Interestingly, it overcomes
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Table 5.3: Difference of AIC values of the [VCDM model with respect to reference model
(ACDM) with all the data combinations used in this work.

Data AAIC
Planck 2.32
KiDS 2.30
Planck + HST —5.66

Planck + HST + KiDS —3.62

the said penalty in case of the Planck + HST data, and finds strong preference over the
ACDM model. Also, we observe a mild preference of the [IVCDM model in case of the
Planck + HST + KiDS data. Thus, the AIC criterion favors the IVCDM model over the

ACDM model in the two joint analyses.

5.3 Concluding remarks

In this chapter, we have investigated an extension of the ACDM model by allowing in-
teraction between dark sector components of the Universe with the motivation to test the
statistical support for interaction from the recent observational data. We have found a
possible non-null coupling in the dark sector up to 99% CL in the joint analyses which
amount to indicating strong statistical support from the observational data for the dark
sector coupling. As a consequence of coupling in the dark sector, we have obtained
significantly larger values of H, and lower values of og parameters as compared to the
ACDM model, with all data sets used in the analysis (see Table 5.1). Thus, we conclude
that the simple and minimal extension of the ACDM model via a coupling between the
dark sector ingredients alleviates the well-known tensions on H, and og parameters of
the ACDM model, simultaneously with excellent accuracy. Therefore, it is clear that a
possible interaction between DM and DE is a viable remedy for the tensions in the cos-

mological data.
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