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In the present paper, we study the capability of interacting dark energy model with pure momentum
transfer in the dark sector to reconcile tensions between low redshift observations and cosmic microwave
background (CMB) results. This class of interacting model with pure momentum exchange introduces
modifications to the standard model in the level of perturbation. We investigate the model by comparing to
observational data, including integrated Sachs-Wolfe-galaxy cross-correlation, galaxy power spectrum,
fog, and CMB data. It is shown that this model can alleviate the observed tension between local and global
measurements of og. According to our results, the best fit value of og for interacting model is 0.700, which
is lower than the one for ACDM model and also is consistent with low redshift observations. Furthermore,
we perform a forecast analysis to find the constraints on parameters of the interacting model from future

experiments.
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I. INTRODUCTION

According to distance measurements of type la super-
novae, it is generally accepted that the Universe is currently
experiencing a phase of accelerated expansion [1,2]. In the
standard Einstein gravity, a dark energy component that has
negative pressure is responsible for this late-time accel-
eration. There are more cosmological observations such as
cosmic microwave background (CMB) anisotropy [3-5],
large scale structure (LSS) [6-8], and integrated Sachs-
Wolfe (ISW) effect [9-11] that provide strong evidence for
the existence of dark energy.

The most convincing candidate for dark energy is a
cosmological constant that gives rise to the concordance
ACDM model for the Universe. Although the ACDM
model is in reasonable agreement with observational data
[12,13], there are two important theoretical difficulties in
this model: the cosmological constant problem [14], and
the coincidence problem [15-19]. Additionally, the low
redshift data such as late-time determinations of the Hubble
constant [20,21] and local measurements of og from LSS
[22] are in conflict with the Planck CMB data [5]. These
discrepancies might imply an inadequacy of the standard
cosmological model and therefore provide a motivation to
search for alternative cosmological models to describe the
evolution of Universe.
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Considering dark matter and dark energy as dominant
components in late-time Universe, a nongravitational cou-
pling in the dark sector may seem justifiable from the
theoretical point of view [23-25]. Moreover, interacting
dark energy models would alleviate problems in ACDM
model by modifying the background as well as perturbative
evolution of Universe [26-38].

Interaction between dark matter and dark energy affects
the growth of cosmic structure, so it is worth to use LSS
information and redshift space distortion (RSD) data for
measuring the coupling strength between the dark compo-
nents. Moreover, interaction in the dark sector would
influence CMB anisotropies in large scales as ISW effect
[39]. The late-time ISW effect, which corresponds to the
effect of a time varying gravitational potential energy on the
CMB photons on large scales, seems a suitable probe for
constraining cosmological models concerning the dark
energy [40]. Because of the cosmic variance and the low
amplitude of the ISW signal, it is advisable to detect this
effect by the cross-correlation between the CMB temper-
ature anisotropy and the large scale structure. The cross-
correlation signal can be used to constrain alternative dark
energy models [41].

In this paper, we consider a pure momentum exchange
interacting model, which makes a modification to the
standard model in the perturbation level. Interacting models
with pure momentum transfer in the dark sector were first
investigated in [42,43]. In our model, the interaction term is
proportional to the relative velocity of dark energy and dark
matter, which is a generalization of the interacting dark
energy model studied in [38], in which interaction only
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affects perturbations and leaves the background evolution
similar to the ACDM model. So, it is expected that our
model solves the tension in structure growth measurements,
especially 2-3¢ tension in oy [5,44], while leaving the
tensions corresponding to the background. Accordingly, we
try to constrain the coupling between dark components by
observational data, including ISW-galaxy cross-correlation,
galaxy power spectrum, fog, and CMB data. Furthermore,
we explore the validity of interacting dark energy model in
comparison with the standard cosmological model. We also
perform a Fisher-based forecast in order to constrain the
interacting dark energy model with future data.

The outline of the paper is as follows: in Sec. II, we
describe the interacting dark energy model as well as the
effect of interaction on CMB and matter power spectra.
Section III is devoted to observational probes used to
constrain the interacting model. In Sec. IV, we describe the
methods used in the analysis and also present the results
containing best fit values of cosmological parameters of the
studied interacting model. In Sec. V, we perform forecast
analysis to find constraints on the interaction in the dark
sector by using a Fisher matrix analysis. We conclude
in Sec. VL.

II. THE INTERACTING DARK ENERGY MODEL

We assume a late-time interacting dark energy model, in
which the dark sector components are perfect fluids with
the following energy-momentum tensor:

Tya) = (P(a) + Pay)ulnyttua) + 300(a). (1)

where p(a), pa), and u’(’ ) Tepresent the energy density,

pressure, and the four velocity of component A in the
Universe, respectively. In addition, considering linear
perturbations of the perturbed Friedmann-Lemaitre-
Robertson-Walker metric in conformal Newtonian gauge
gives

ds? = a®(—=(1 + 2¥)de? + (1-20)di?),  (2)

with the conformal time 7. ¥ and ® are the Newtonian
potentials, and in the absence of anisotropic stress, we have
Y = ®. So, the four velocity of component A takes the
form

’ 1 i
uéA) :;(I_Q’U(A)>' (3)

It is known that the total energy-momentum tensor in the
Universe is conserved,

vﬂ Tl:(lot)

=0, (4)
however, for interacting dark energy components, the
energy-momentum tensors are not conserved separately,
so that

vﬂT";(DM) = QU(DM)? (5)
VMTI:(DE) = Ou(E)» (6)

where Q) is the interaction term corresponding to
component A. Considering the fact that the nature of dark
matter and dark energy is unknown, it is possible to study
interacting dark energy models in a phenomenological
approach. In general, Q’(‘ A) can be written as

Qlay = Q" + Fiiy), (7)

where Q(a) = Q(a) + 60 a) is the energy density transfer
rate, u* is the total four velocity, and F’(‘A) =10, I'fa)) is
the momentum density transfer rate (with f ) the momen-

tum transfer potential). Conservation of the total energy-
momentum tensor would impose

;Q;{A) =0, (8)

> fia =0 (10)
A
Thus, according to (8), we have
QI(ADM) = _QI(JDE) = O~ (11)

Following the approach of [45], Q’(‘DM) is assumed to be

proportional to a linear combination of dark sector veloc-
ities,

Qom) = QoM U{pyy + 7 (0F) U(pg))- (12)
Considering Eq. (7), we can write
O(y(pm) ”/ZDM> + 7(DE) ”/ZDE)) = Opwmu + F 7DM)’ (13)
"

= pm) = 0 (V(DM) M’(DM) +7(DE) ”?DE)) - Q(DM) u. (14)

Regarding the fact that F (()DM> =0, it is possible to write

F (()DM) =0 (}’(DM) M(()DM> + 7(DE) u((’DE)) - Opwm) u’ =0,
(15)
which gives
Qmy = Q(rom + 1) = ~Qor)-

In a special case, we choose
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Y(DE) = —Y({OM) = 7>
for which Eq. (12) takes the form
Q/ZDM) = QV(”/(DE - MIZDM))' (16)
Also, it is found that
Opwm) =0, (17)
Flom = OQr(ufpg) = tipy)- (18)

Hence, it is easy to see that the energy transfer vanishes in
the dark sector, and there is only momentum exchange
between dark matter and dark energy. The temporal and
spatial components of the interaction term (to linear order
of perturbations) would be

0° =0, (19)

Q = Q}/( (DM)) (20)

Following [45], O can be written as [46]
) —4da—-4p - ~p
0 x M4 4ﬂp(DM)P<DE)» (21)

where a and f are constants, and M is a parameter with
. . . o o 1 .
dlrpenswn of energy. By choosing a = =3, and M = .H
(with H the conformal Hubble parameter), the spatial
components of interaction term take the form

1 - i i
0= EVH\/P(DM)P(DE)(”(DE) - ”(DM))’ (22)

where y is the dimensionless coupling constant.

Now, we can derive the covariant conservation equa-
tions (5) and (6) in background and perturbative levels,
applying (19) and (22) as interaction terms. The back-
ground continuity equations are

p/(DM) + 3Hppm) =0, (23)
Plory + 3Hpwe) (1 + wor) =0, (24)

where a prime indicates derivative with respect to the
conformal time. It is evident that the background level is
similar to the ACDM model. The linearized continuity and
Euler equations in conformal Newtonian gauge are given by

Stom) = ~Oom) + 3P, (25)
O = ~HOpu) + K20
P (DE)
+yaH 70 )(G(DE) Oom)),  (26)

5(DE _—3H5DE( s(DE) W(DE))

HZ
—Opp)(1 +W<DE))<1 t9°7 > (¢Xog) = 2(DE)>>

+3(1 +W(DE))<D/’ (27)

el(DE) = OppyH(=1+3wpE) + 3(c?(DE) - Ci(DE)))
kzcs
+ KO +
1 + W(DE)
aH PMm)
0
}’1 T \Y(DE)

- -0 s 28
Pon (DMm)) (28)

is the

divergence of velocity perturbation of component A. We
have considered constant dark energy equation of state, and
so the adiabatic sound speed of dark energy is defined

where 64 is the density contrast, and 6,) = ikivé A)

as Ci(DE) = W(DE)-

The Einstein field equations would not be directly
affected by interaction, so the linearized gravitational field
equations in conformal Newtonian gauge are

R + 3H2® + 3HY = —42Ga>» Sp(;).  (29)
J

R + HE2D = 4nGaZZ(ﬁ(j) + I_’(j))e(j)’ (30)

J

O + IHP + (2H' + H?)® = 42Ga®y Sp;).  (31)
J

where j indicates all components in the Universe (con-
taining photons, neutrinos, baryons, dark matter, and dark
energy).

In order to see the influence of interaction on CMB
temperature power spectrum, we modify the Cosmic Linear
Anisotropy Solving System (CLASS) code [47] according
to the interacting dark energy model described in Eqgs. (25)—
(28). For this purpose, we use adiabatic initial conditions
defined in the CLASS code, and besides the Planck 2015
results [5] for cosmological parameters, we assume
wpg) = —0.99 (to avoid divergences in dark energy per-
turbation equations) and ci(DE) =1

Figure 1 shows the CMB temperature anisotropy spec-
trum for interacting and noninteracting models along with
the relative difference diagram of two models. According to
the fact that interaction would not appear in background
level, there is no change in location and height of acoustic
peaks in the CMB power spectrum. However, in large scales,
we can see an increase in CMB anisotropies caused by
the ISW effect. Considering Eq. (33), the temperature
anisotropy due to ISW effect is related to @'. On the
other hand, interaction in the dark sector which modifies
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Left: the 7T component of CMB power spectrum, considering noninteracting model (y = 0) and interacting model withy = 5.

Right: relative difference diagram of CMB anisotropy power spectrum, with y = 5.

perturbative equations would change the potential pertur-
bation @ and its derivative with respect to conformal time.
As shown in Fig. 2, interaction in the dark sector would
increase @ compared to noninteracting model and con-
sequently result in enhancement in CMB anisotropy
spectrum.

It is worth to mention that interaction in the dark sector
would suppress structure growth as illustrated in matter power
spectrum diagrams in Fig. 3, obtained from the modified
version of the CLASS code according to Egs. (25)—(28).
According to the evolution equations of the interacting
model, interaction appears in perturbation level, and so it
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FIG.2. @ in terms of redshift for noninteracting model (y = 0)
and interacting model with y = 5.
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FIG. 3. Matter power spectrum diagrams for noninteracting
model (y = 0) and interacting model with y = 5.

is more important in smaller scales. So only sub-Hubble
modes would be affected by the interaction, while supper-
Hubble modes evolve similarly to ACDM model.

In order to explain suppression in matter power spectrum
(caused by the interaction), qualitatively, one can consider
some theoretical analyses: it is possible to derive the
evolution of dark matter density contrast from Eqgs. (25)-
(28) [also with using Egs. (29)—(31)]. Considering sub-
Hubble modes and also neglecting dark energy perturbations
compared to dark matter ones (since we have considered
cf<DE) = 1), 5(pm) evolves as

P(DE)
8 + 6 H(l +7ya _—)
(om) + (pwm) P
2
— 55 P(om)dpm) = 0. (32)

According to Eq. (32), the interacting parameter appears in
Hubble friction term. So, it can be easily seen that in
noninteracting case (y = 0), dark matter perturbations evolve
similar to the ACDM model. However, for interacting model
with positive values of coupling constant, there is a drag due
to dark energy component (with cf(DE) = 1) on the dark

matter, preventing dark matter from clustering and hence
suppressing structure growth in the Universe.

III. OBSERVATIONAL PROBES

In this section, we introduce the cosmological observ-
ables that are used to constrain the parameters of the
interacting dark energy model.

A. The ISW-galaxy cross-correlation

Here, we discuss the cross-correlation between the
temperature fluctuations due to the ISW effect and galaxy
density contrast. Because of the primordial anisotropies as
well as cosmic variance on large scales, the ISW signal is
difficult to detect directly. However, it is shown that the

043503-4



PERTURBATION LEVEL INTERACTING DARK ...

PHYS. REV. D 101, 043503 (2020)

signal could be detected through cross-correlation of the
CMB with a local tracer of mass [48-52].

Briefly describing the ISW effect, photons of the CMB
travel through the gravitational potential of large scale
structures from the last scattering surface to the present day.
By entering a gravitational potential due to a structure,
photons gain energy and then lose energy when leaving the
well again. In the dark energy dominated era, the potential
well of a structure becomes shallower as time passes, which
results in a net shift in the wavelength of photon, and the
total shift in wavelength leads to a secondary anisotropy in
the CMB temperature distribution. Time dependence of the
gravitational potential introduces an effect on temperature

perturbations of CMB photons coming from the direction 0
on celestial sphere,

(F)_@=-["sein. o)

i

where the integral is taken from a prerecombination time z;
to the present time 7, and 7, is the optical depth (which we

neglect it). The ISW potential y is defined as
w(0.7) = ®0.7) +¥(0,7) =20(0,7). (34)

Taking Fourier transform and writing in term of redshift

give

ST - 2 z .uatb(l?, )

— 0) = d3k/ dzetkr —— 227 35
(T)ISW( ) (2”)3/ 0 “ 0z (35)

Also, it is possible to expand the temperature anisotropy
due to ISW effect in terms of spherical harmonics,

(%)@

On the other hand, the (00) component of Einstein
equations in subhorizon regime (k% > H?) gives

=Y "al, Y (0). (36)

612

- 207, (Powdom) +PordoE).  (37)

where we have assumed a late-time universe containing
dark matter and dark energy. By introducing parameter

g=1+ %‘%DE)), Eq. (37) takes the form

P (oM)S(DM
2 a’
k"® ~ — PoM)O(DM) 45
2M§1 (DM)€(DM)
- 3H2Q >
- ®(k,z) = —w(l + 2)5(DM)(k»Z)CI(Z)7 (38)

2k?

with é(DM)(l:, 7) = 5?DM> (l_c')D(DM)(z). In general, the para-
meter ¢ is a function of both redshift and scale. Since in the

present work, we will investigate its behavior in terms of
redshift, we calculate g for a specific value of k. As long as
we are interested in sub-Hubble scales, we choose
k = 0.05 Mpc~!, which is also valid in linear regime.
Considering Egs. (35), (36), and (38), we obtain

az,’m: 272 HO (DM) Ol /d3k/ dZéODM
x je(kr(z ))Yfm(]})a ((1+2)Dpmy(2)q(2)).  (39)

Now, we look at galaxy density contrast defined as

-

5,0) = [ ab(a) L oom (@) (40)

in which b(z) is the bias factor, and fj—’;’ is a selection
function which encapsulates the distribution of the galaxies

observed by a survey, and normalized so that [ dz'g dN =1.

Here we use [53] for ‘fi—];’. It is possible to denve afm

similarly as before,

=5 / &k / 2, k()Y (Db T
x6° v (Do (2). (41)

Following Egs. (39) and (41), the ISW-galaxy cross-

. T . .
correlation angular power spectrum C%' is written as

T
Cg <afmaT* >

'm’'

= / dkk2ISY (k)15 (k) PY(k), (42)

where 'V (k) and I%(k) are defined as

2 Z
e e G
x (14 DDow(Da(@).  (43)
10 = [ diolkr@)b(e) G Dow (@) (44)

The bias factor which relates density contrast of dark matter
to galaxy distribution is in general a function of scale and
redshift. Here we assume constant bias that depends on
tracers. Redshift dependence of bias and its effect on ISW-
galaxy cross-correlation have been considered in previous
works [41].

B. Galaxy power spectrum

The measurement of galaxy power spectrum is a useful
probe to set constraints on cosmological parameters.
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Galaxy power spectrum is related to matter power spectrum
(in linear regime) as

P (k) = bP,, (k). (45)

where b is the bias factor. Although different cases of bias
dependence on redshift have been studied before [54], here
we consider a constant bias model.

C. fog measurements

The large scale RSD measurements can be applied to
study the growth of linear structures. The cosmological
growth rate is defined as

_1+2zdD(z)
D(z) dz

Early growth rate surveys have been analyzed to measure
the parameter f = f/b, which depends on the galaxy bias.
Looking for a bias-independent parameter, it has been
found that fog measurements are able to discriminate
between cosmological models [55]. og has the following
relation with the growth function:

_ o3(z=0)
GS(Z) - S(Z _ 0)

f(2) = (46)

D(z). (47)

D. Background probes

Considering background data, we use the CMB data
containing the physical matter density Q(M)’th and also
1008, , which is the ratio of the sound horizon to the angular
diameter distance at recombination.

In the next section, numerical results from the above
surveys for the interacting model are reported.

IV. ANALYSIS METHOD AND RESULTS

In this section, we investigate the observational con-
straints on cosmological parameters of the interacting
model. Considering ISW-galaxy cross-correlation, we
use the luminous red galaxies (LRGs) measurements,
which are correlated with the CMB map of Wilkinson
Microwave Anisotropy Probe (WMAP) third year data
[53]. Furthermore, we use galaxy power spectrum data [56]
(in which we have considered data points for the scales
k <0.09 hMpc~') and also the fog data displayed in
Table I, which are independent measurements of fog
according to Ref. [57]. In addition, we use the Planck
2015 data [5] for background probes, which are Q(M)’th =
0.1426 and 1006, = 1.04105.

A. Case study

In this part, we consider different values of dark energy
equation of state wpg) and coupling constant y in order to

TABLE I. The data points of fog at different redshifts.

z fog Ref.
0.02 0.428 £ 0.0465 [58]
0.1 0.37 +£0.13 [59]
0.15 0.49 +£0.145 [60]
0.17 0.51 £0.06 [61]
0.18 0.36 £ 0.09 [62]
0.38 0.44 £+ 0.06 [62]
0.25 0.3512 £ 0.0583 [63]
0.37 0.4602 £ 0.0378 [63]
0.59 0.488 +0.06 [64]
0.44 0.413 +£0.08 [65]
0.60 0.39 £ 0.063 [65]
0.73 0.437 £0.072 [65]
0.86 04 £0.11 [66]
1.4 0.482+£0.116 [67]

discuss the physical interpretation of the signal due to
chosen parameters.

Figure 4 shows the angular power spectrum of ISW-
galaxy cross-correlation for noninteracting and interacting
models, using different values of (wppg),y). We use
Eisenstein-Hu transfer function [68] for computing the
matter power spectrum. The data points in Fig 4 are from
the CMB-LRG cross-correlation data, with LRG data
extracted from the Sloan digital sky survey (SDSS) catalog
[69]. Since LRGs have a redshift distribution (with a mean
redshift of z~0.5) deeper than ordinary galaxies, they
would be appropriate tracers of dark matter distribution
(and hence, they have been used to find evidence for the ISW
effect [70,71]). In this analysis, we use the data points from
[53] which are processed from MegaZ LRG sample [69,72]
and contain 1.5 million objects from the SDSS DR6 selected
with a neural network. Diagrams in Fig. 4 are plotted with
constant halo dark matter bias (b = 1.8) [53].

L0 — (Wps, V) =(~0.99,0)
— (Wpe), ¥) =(-0.99,1)
— (W), ¥) =(=0.7,0.1)
— Wog,y)=(-0.7.1)

® LRG data

0.8

0.6

0.4

C(6) [1K]

0.2

0.0

-0.2

6 [degrees]

FIG. 4. The angular power spectrum of the ISW galaxy in term
of the angle of separation for noninteracting model (wpg),7) =
(—0.99,0) and interacting model with different values of
(wpE).7), compared with the observational data. The bias
parameter is set to a constant (b = 1.8). The data points are
taken from LRG sample.
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— (Wg), ¥) = (=0.99,0)
I } — (wpg), ¥) =(=0.99,1)
1 } — (Wppg), ¥) =(=0.7,0.1)
m (Wog), ¥) =(-0.7,1)
; s data
<
g
£
<
®
104
1072 e
k [h/Mpc]
FIG. 5. Galaxy power spectrum diagrams for noninteracting

model (wpg),7) = (=0.99,0) and interacting model with differ-
ent values of (w(pg),7), compared with observational data from
Ref. [56]. The bias parameter is set to a constant (b = 1.9).

Figures 5 and 6 demonstrate galaxy power spectrum
diagrams and fog diagrams, respectively. The galaxy power
spectrum is calculated according to relation (45) with
P, (k) obtained from the CLASS code and considering
constant bias (b = 1.9). All chosen values of (wpg), ) are
compatible with ISW-galaxy cross-correlation data. How-
ever, it is found that interacting model with (w<DE),y) =
(=0.7,1) is less favored by galaxy power spectrum data
and fog data.

The growth function is illustrated in Fig. 7 for non-
interacting and interacting models. It can be seen that
structure growth decreases in the presence of interaction.
This feature has been already shown in matter power
spectrum diagrams in Fig. 3.

B. Parameter estimation

Here, we constrain the free parameters of the interacting
model, using the combined ISW-galaxy cross-correlation
(gT), galaxy power spectrum (P), fog (fs), Q). oh? (M),
and 1006, (th) dataset. We consider the following set
of parameters in our analysis: {Q(DM)’O,me), v, Hy,
0g3(z = 0)}. In numerical analysis, the total likelihood is
defined as L, « e *o/2, where y2, is given by

0.6
0.5
N o4 '}/
@ [~
= 03
" — (Woe, ¥) =(-0.99,0)
02 — (We), ) =(-0.99,1)
— (w(pg), ¥) =(-0.7,0.1)
0.1 — (wpg), y)=(-0.7,1)
s fog data
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

z

FIG. 6. fog diagrams for noninteracting model (wpg).7) =
(=0.99,0) and interacting model with different values of
(w(pE), 7) compared with observational data displayed in Table I.

1.00
0.95
0.90
N o.8s5
a
N 0.80
=)
0.75
— (Wg), ¥) =(-0.99, 0)
e — (wpg), ¥) =(-0.99,1)
— (wppg), ¥)=(-0.7,0.1)
o — (wpg), ¥)=(-0.7,1)
0 1 5 7 " !
z
FIG. 7. (142z)D(z) in terms of redshift for noninter-

acting model (w(pg), 7) = (=0.99,0) and interacting model with
different values of (w(pg), 7).

)(tzot:)(éT+)(l%+X%§+X12\4+Zt2h’ (48)

in which the terms on the right-hand side represent the y?
values for observational probes.

In our analysis, the matter power spectrum is computed
with Eisenstein-Hu transfer function.

Table II displays the best fit values with 1o confidence
levels of the cosmological parameters of our interacting
dark energy model and also the ACDM model as a
reference. According to the observational data, the inter-
acting model prefers a lower value of o3 compared to
ACDM model. Consequently, the interacting model is
capable of alleviating the og tension. This result is
according to the fact that interaction in the dark sector
prevents dark matter from clustering [as understood from
Eq. (32)] and consequently suppresses structure growth,
which yields to lower values of 6g. Additionally, according
to preliminary numerical works, the perturbation equations
of interacting model might diverge by choosing
wpg) < —1, so we focused on quintessential dark energy
and considered the prior range [—0.99,-0.5] for dark
energy equation of state. Hence, there is only an upper
limit on wpg) as reported in Table IL

TABLE II. The best fit values of cosmological parameters
with their 68% confidence limits for interacting dark energy
model and ACDM model using the combined gT + P + fs +
M + th dataset.

Parameter Interacting model ACDM model
Qpm)0 0.300 £ 0.050 0.300 £ 0.040
v 0.15079% e
HO[s]fw—mpc] 67.5+3.8 70.0 £ 3.0
o3(z=0) 0.700 £ 0.28 0.800 £0.18

Dark energy equation of state has an upper limit only, caused
by the chosen prior range on this parameter according to
preliminary numerical works.
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As the final point in this section, we use the Akaike
information criterion (AIC), which is a means for model
selection [73,74], in order to obtain the goodness of fit of
our models to observational data. AIC is defined as [73]

AIC = =2 InL,,, + 2K. (49)

in which £, is the maximum likelihood function, and K
is the number of free parameters. Comparing models, the
one that minimizes AIC can be considered as the best
model. According to the likelihood for the present model,
we obtain

AIC = 68.33 (interacting model),
AIC = 70.5 (ACDM model),

and so AAIC = 2.17. Hence, it can be concluded that the
observational data favor the interacting model as well as the
ACDM model.

V. FORECAST ANALYSIS

In this section, we forecast constraints on cosmo-
logical parameters of the interacting dark energy model.
Accordingly, we consider both spectroscopic and photo-
metric redshift surveys, i.e., Euclid-like [75,76] and LSST
[77]-like [78] surveys, respectively.

In order to estimate the accuracy of the interacting model
parameters, we apply the Fisher matrix formalism [79]. The
Fisher matrix is defined as

ny:_<821nﬁ>’ (50)

Op,0p,

in which £ is the likelihood function, and p is a parameter
of the cosmological model. According to the Cramer-Rao
inequality, the Fisher matrix approach provides us with the
best estimate of the model parameter errors. In other words,
for a model likelihood with a Gaussian distribution, the
inverse of Fisher matrix is the covariance matrix of the
parameters which approximates the parameter errors. So, in
a simultaneous estimation of all parameters, the 1o error on
parameter p, is \/(F7!),,.
In our analysis, the likelihood function is the galaxy
power spectrum P, which can be written as [80,81]
Py(k, s 2) = (b + fu?)*D(2)* P, (k)e o7, (51)
where b is the bias factor, D(z) is the growth function, f is
the growth rate, P,,(k) is the matter power spectrum at

z = 0, u is the cosine of the angle between the line of sight
and wave number, and

- (52)

with o, the absolute error on redshift measurement. The
matter power spectrum is defined as [82]

205 < k

0
Q%M).O Hy

Polk) = )'”HaST(kVDwo)% (53)

in which 62, is the amplitude of gravitational potential, 7, is
the spectral index, and T'(k) is the Eisenstein-Hu transfer
function.

The Fisher matrix for a redshift bin z; takes the form [83]

max 81 P k
Fyy(z) / / aige I Pk i 1)
87[ Kmin ap X

alnP o (kops z )( Pk, s ;) >
Ipy niPy(k,p;z;) + 1

(54)

where 7 is the mean number density of galaxies, and V is
the survey volume. The volume of a redshift bin is given by

4z

?fsky(dg (Zmax) - dg (Zmin>)v (55)
in which f is the fractional sky coverage of the survey,
and d,. is the comoving distance to redshift z,

2) = A ) %dz. (56)

And also, the mean number density of a redshift bin is
defined by

4 Zmax dN
i, = — dz—(z2), 57
=y fe [T (57)

with % (z) the surface number density of survey. k,;, for
each redshift bin is k., = 27:(%)_1/ 3, and we define kj,y
as kpax = 5% in which og(z) =34,
information from nonlinear regime.

In the following, we explain specifications of Euclid-like
and LSST-like surveys. For the Euclid-like survey, we
consider the redshift range 0.7 < z < 2.1, which is divided
into seven redshift bins with the mean redshifts: 0.8,
1.0, 1.2, 14, 1.6, 1.8, 2.0. We assume fgy, = 0.36,
0. =0.001(1 + z), and the galaxy bias b(z) =+/1+z.
The surface number density %—1;’ (z) has been chosen from
Ref. [84], considering the flux Ilimit be equal to
3x 10710 =& with an efficiency of 30%.

For the LSST-like survey, we follow Ref. [85]. Hence,
we assume seven redshift bins in the redshift range
0.2 < z < 3.0, with the mean redshifts 0.31, 0.55, 0.84,
1.18, 1.59, 2.08, 2.67. We also consider Sy = 0.58,
0, =0.04(1 + z), and b(z) = 1 + 0.84z. The surface num-
ber density takes the form [86]

in order to exclude
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FIG. 8.
(right plot).

dN

i (z) = 640z%e~%/%35 arcmin=2. (58)
z

As fiducial cosmology for our Fisher forecast, we
consider  (Qpm) 0. Ho. WpE). 7. 65(2 = 0), n;) = (0.300,

67.58'1‘\2;)C,—0.990,0.150,0.700,0.9655), in which the

value of n, is according to the Planck 2015 data [5],
and the values of other parameters are the best fit values
obtained from the observational data.

Figure 8 shows the predicted 16 and 26 contours for
Euclid-like and LSST-like surveys. The LSST-like survey,
which has larger sky coverage, places tighter constraints on
parameters of the interacting dark energy model.

VI. CONCLUSIONS

The standard cosmological model (known as ACDM
model) provides a satisfactory description of the large scale
structure evolution of Universe. However, there are funda-
mental issues such as the unknown nature of dark energy
and dark matter and also the cosmological constant
problem. Furthermore, there is a list of observations which
introduces a slightly 2-3¢ tension with the standard model.
These tensions could be due to statistical errors or obser-
vational inaccuracies. However, some of them may indicate
new physics beyond the standard cosmological model. One
of the interesting tensions to investigate is the discrepancy
of matter density perturbations power due to early and late-
time observations. It seems that the CMB data predict more
power in late times than the one obtained from large scale
structure observations such as cluster count, weak lensing,
and the redshift space distortion. This tension is usually

-0.970

-0.975

-0.980

-0.985

-0.990

W(DE)

-0.995

-1.000

-1.005

-1.010

0.05 0.10 0.15 0.20 0.25
Y

Forecasted 1o and 20 contours on the wpg) — 7 plane, considering Euclid-like survey (left plot) and LSST-like survey

formulated by o3 or fog observations. Accordingly, this
tension can be a hint of new physics in the dark sector.
Regarding this, we have investigated the capability of the
interacting dark energy model described in Egs. (23)—(28)
to relieve the og tension. In this direction, we use the ISW-
galaxy cross-correlation, galaxy power spectrum, fog, and
CMB data to study the interacting model. We should note
that the proposed model introduces new interaction in
perturbative level. This can be an interesting idea for
standard model extensions which can be studied as a
potential proposal to resolve the tensions in og observa-
tions. All of these must be considered along with the fact
that we have taken a constant dark energy equation of state
and also a constant bias parameter. Moreover, we have
employed Fisher matrix approach to perform forecasts for
the parameters of the interacting dark energy model from
Euclid-like and LSST-like surveys.

Considering numerical results, the interacting dark
energy model is supported by observational data as well
as the ACDM model, while having the advantage to
alleviate the og tension. As shown here, this better result
is due to the fact that interaction between dark matter and
dark energy suppresses structure growth in Universe which
lowers the best fit value for og. Also, regarding the Fisher
forecast results, the LSST-like survey could place better
constraints on the interacting model parameters and also
show deviations from the standard cosmological model.
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