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Abstract Understanding the behavior of the matter power
spectrum on non-linear scales beyond the ACDM model
is crucial for accurately predicting the large-scale structure
(LSS) of the Universe in non-standard cosmologies. In this
work, we present an analysis of the non-linear matter power
spectrum within the framework of interacting dark energy-
dark matter cosmologies (IDE). We employ N-body simu-
lations and theoretical models to investigate the impact of
IDE on these non-linear scales. Beginning with N-body sim-
ulations characterized by a fixed parameter space delineated
by prior observational research, we adeptly fit the simulated
spectra with a simple parametric function, achieving accu-
racy within 5%. Subsequently, we refine a modified halo
model tailored to the IDE cosmology, exhibiting exceptional
precision in fitting the simulations down to scales of approx-
imately 1h/Mpc. To assess the model’s robustness, we con-
duct a forecast analysis for the Euclid survey, employing
our refined model. We find that the coupling parameter &
will be constrained to o (§) = 0.0110. This marks a signifi-
cant improvement by an order of magnitude compared to any
other current observational tests documented in the literature.
These primary findings pave the way for a novel preliminary
approach, enabling the utilization of IDE models for observa-
tional constraints concerning LSS data on non-linear scales.
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1 Introduction

Dark energy (DE) is one of the most enigmatic and perplexing
phenomena in the field of astrophysics and cosmology. It may
represent a new field that permeates the universe, driving its
current accelerated expansion [1,2]. DE as a cosmological
constant (A) represents our simplest understanding of the
universe’s expansion and evolution in the last two decades.
The DE existence and influence on the cosmos are supported
by a wealth of observational evidence, supernova surveys,
cosmic microwave background (CMB), large-scale structure
(LSS), gravitational lensing, among others [3,4]. The success
of the A term in explaining these observations has led to
the ACDM scenario being considered the standard model of
cosmology.

However, recently, a few tensions and anomalies have
emerged as statistically significant when analyzing differ-
ent datasets. The most noteworthy disagreement lies in the
value of the Hubble constant, Hy, which exists between the
Planck-CMB estimate [5], assuming the standard ACDM
model, and the direct local distance ladder measurements
conducted by the SHOES team [6-8], reaching a significance
of more than 5o. Furthermore, within the ACDM frame-
work, the CMB measurements from Planck and ACT-DR6
[5,9] provide values of Sg = 0g+/€2;,;,/0.3 in 2-30 statistical
tension with those inferred from various weak lensing, galaxy
clustering, cluster counts, and redshift-space distortion mea-
surements [10-13]. Various other anomalies and tensions
have emerged within the ACDM framework in recent years
[14,15]. Motivated by such discrepancies, which are unlikely
to disappear completely by introducing multiple systematic
errors, there has been widespread discussion in the literature
regarding whether new physics beyond the standard cosmo-
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logical model can resolve these tensions [16—20]. Interacting
dark energy-dark matter (IDE) models have been extensively
investigated as potential solutions to the current cosmologi-
cal tensions [21-71].

At the intersection of various cosmic phenomena, espe-
cially at the LSS observation level, lies the matter power spec-
trum, an essential cosmological tool for unraveling the inter-
play between cosmological parameters and the emergence of
LSS. The power spectrum provides a unique probe through
which we can peer into the universe’s past and present, reveal-
ing the traces of primordial fluctuations, the gravitational
dynamics of dark matter (DM), and the elusive nature of
DE. On the other hand, is well known that the non-linear
power spectrum plays a pivotal role in current LSS cosmo-
logical surveys, offering crucial insights into the complex
and dynamic behavior of cosmic structures. The non-linear
power spectrum is a crucial component in any current LSS
cosmological survey because it serves as a bridge between
theoretical predictions and observational data.

The non-linear power spectrum is well modeled for the
ACDM model and some of its basic extensions [72-78].
However, modeling non-linear regimes in non-standard cos-
mologies poses a significant challenge. Various methodolo-
gies have been employed to address this challenge, including
the effective field theory of LSS [79-84], the Halo mod-
els [85-90], and emulators trained via N-body simulation
data [91-95]. These approaches offer promising avenues for
improving our understanding of non-linear regimes in cos-
mology, but further research is needed to explore their capa-
bilities and limitations.

In the context of IDE models, some significant strides have
been made in constraining model parameters using the galaxy
power spectrum. A notable study by [96] provided an in-
depth analysis of the coupling parameter £, which represents
the interaction strength between DE and DM. By combining
the full power spectrum from the BOSS DR 12 galaxy sample
with Planck CMB data, the authors established a lower bound
of £ > —0.12 at the 95% CL. Despite this progress, there
remains a paucity of studies that employ non-linear model-
ing within the IDE framework using real observational data,
highlighting a critical area for future research.

Given the imperative to anticipate model behavior on non-
linear scales, it becomes essential to employ phenomenolog-
ical models for the interpretation of current and forthcom-
ing data derived from galaxy clustering and cosmic shear.
Exploring this approach is particularly important as it helps
bridge the gap between theoretical predictions and observa-
tional data. By doing so, we can enhance our understanding
of the perturbation dynamics within these complex systems
and improve our comprehension of the observational data. In
this work, our main aim is to build a robust non-linear P (k)
model in the presence of a DE-DM interaction. To this end,
we carry out a series of N-body gravity simulations and then

@ Springer

we develop these perspectives in two ways. First, we capture
the ratio R(k) = PNL(k)/ Plinear (k) up to non-linear scales,
and we find reliable analytical modeling for the function R (k)
up to scales k < 1 h/Mpc. In a second modeling context, we
modify and propose a new P (k) Halo model, which can fit
the simulation data. Finally, we applied our models in a fore-
cast analysis from the perspective of the Euclid survey. We
demonstrate that an Euclid-like survey will possess strong
sensitivity to constrain DM-DE coupling, rendering it a cru-
cial probe for this particular class of cosmological models.

The paper is structured as follows: In Sect.2, we delve
into the fundamental physical aspects of the IDE model con-
sidered in this study. Section 3 outlines the methodology and
development of our N-body simulation data. Moving for-
ward, in Sect.4, we introduce our adapted Halo model, tai-
lored to accurately fit the N-body simulations. Next, Sect. 5
presents our forecast analysis, leveraging the sensitivity of
an Euclid-like survey. Finally, in Sect.6, we offer our con-
cluding remarks along with future perspectives.

2 Background expansion and linear perturbations

The phenomenological possibility of a dark sector interaction
has been extensively investigated over the past two decades.
Pioneering work in this area was presented in [97-102], and
it has since been extended to observational tests [21-71] and
N-body simulations [103,104]. For a comprehensive biblio-
graphic review, see [105,106]. In this section, we will focus
on recent developments essential to establishing the theoret-
ical framework central to this work.

Let us start by examining the fundamental characteristics
of IDE models. Throughout our discussion, we will operate
on the assumption of a spatially flat Friedmann—Lemaitre—
Robertson—Walker (FLRW) metric. We can introduce a phe-
nomenological parameterization for the DM-DE interaction
within the conservation equations such that the individual
stress-energy tensors are no longer conserved, although their
sum remains so.! Typically, it is assumed that the covariant
derivatives of the DM and DE stress-energy tensors evolve
according to:

Qu
VI = == M
yza
v = -2 @)

where u! denotes the DM 4-velocity vector, and Q represents
the DM-DE interaction rate, measured in energy per volume
per time.

1 See [107] for a more detailed description and [105, 106] for a general
review.
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At this point, we should decide on the functional form of
0, and we adopt a widely used choice in the literature, that
is Q = &H p,, where 'H signifies the conformal Hubble rate,
px represents the energy density of DE, and & serves as a
dimensionless parameter governing the strength of the DM-
DE interaction. A positive £ indicates energy transfer from
DE to DM, while a negative £ indicates energy transfer from
DM to DE.

When accounting for this specified coupling, the continu-
ity equations dictating the evolution of the energy densities
of DM and DE become:

Pe+3Hpe = EHpx 3)
Px +3H( + wy)pr = —EHpx 4)
where w, represents the equation of state (EoS) for DE.
Equations (3) and (4) can be analytically integrated, and in

the case that both w, and £ remain constant throughout cos-
mic time, they give:

Pc,0 Px,0 & ( 3w _5)
= — 4+ | —(1—- x ; 5
Pec 613 + a3 [3wx +€ a ( )
Px,0
Px = F+wo)+é’ ©)

where p. 0 and p, o represent the energy densities of DM and
DE today, respectively.
The expression for the Hubble parameter is then given by:

H(a)
2
Eh

3

= Qr,03_4 + Qb,Oa_3 + Qc,Oa_

Q)(,0 3 —3wy—& Q)c,O
3 [3wx+g(l_“ ) T A(twoTE )

with the first two terms representing the contributions from
radiation and baryons, respectively. The relationship between
the cosmic and conformal time is defined by H = aH.

The introduction of the DM-DE coupling further alters the
evolution of perturbations. Working in the Newtonian gauge,
the coupled system of linear Einstein—Boltzmann equations
governing the evolution of dark matter density perturbations,
8., and velocity divergences, 6., is expressed as follows [108—
110]:

a

. .. 0 (80

be=— (0. —30)+ == —5.+ V), 8
( )+PC<Q + ) ®)

6. = —H6: + k> W. 9)

It is worth noting that the Euler equation remains unal-
tered compared to ACDM, indicating the absence of a fifth
force in this model. Additionally, we will not consider the
potential presence of clustering DE in this study. As argued
in [111], DE perturbations may only have discernible effects
on very large scales, necessitating a relativistic treatment of
simulations. In the regime of Newtonian N-body simulations
that we are focused on modeling, DE clustering does not sig-
nificantly impact the matter power spectrum [112]. More-

Relative Difference (%)

0.6 1

0.0 0.2 014 0?6 0.8 1.0
k (h Mpc™1)

Fig. 1 The relative difference in P (k, z = 0), accounting for DE clus-
tering effects, is evaluated within the IDE model discussed in this study

over, recent analyses [113] have demonstrated that obser-
vations favor a homogeneous DE component over a clus-
tering one. However, the presence of a homogeneous DE
component influences simulations in various ways, includ-
ing background evolution, growth function calculation, and
initial conditions. To provide a more precise quantification
within the IDE context, Fig. 1 illustrates the relative differ-
ence in P (k, z = 0) with and without DE clustering effects.
In constructing the figure, we adopted IDE-0O1 and IDE-02
baseline values, which will be defined in the subsequent sec-
tion. It is evident that on large scales, the observed effect is
minimal, amounting to less than 1%. As for scales where non-
linear effects are expected to dominate (i.e., k > 0.2k /Mpc),
the relative difference is approximately 1%. Consequently,
we can infer that the perturbations due to DE can be consid-
ered negligible. The small oscillations observed in the curves
at large scales, often perceived as noise, are attributed to the
intrinsic oscillatory nature of P (k) when numerically calcu-
lating the ratio between the desired quantities. These fluc-
tuations are negligible from a practical standpoint, as they
result in a relative difference of approximately 0.001% or
less. The results were obtained using a customized version
of the CLASS code [114], which integrates the IDE model
elaborated upon in this study.

On the other hand, within the framework of IDE, the prin-
ciples of general relativity remain applicable. Consequently,
the Poisson equation retains its conventional form:

— PV =47 Ga’ pes,. (10
Itis important to emphasize that in Eq. (10), we have disre-
garded contributions from DE clustering as argument above.

Our focus is currently on sub-horizon scales, where rela-
tivistic effects are negligible. Introducing the linear growth

@ Springer
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Fig. 2 The growth factor is depicted as a function of redshift. The
dashdot black curve represents the standard model, ACDM, whereas the
solid curves correspond to the interacting model utilized, showcasing
variations of the & parameter

function would prove beneficial in this context

_ dc(a)
8c(1)’
where D at the present time is unity, D(1) = 1.
Following a conventional non-relativistic perturbation-
theory approach, which originates from the Boltzmann equa-
tion for DM particles (Eq. (9)), Poisson’s equation (10), and
the continuity equations for the energy densities of DM (3),
we derive the linear growth equation in the presence of inter-
action between DM and DE species. In this scenario, we
obtain:

D”+D/|:%/+ rx;'%' +3]

D(a)

(I

12)

!
-p Bsz e a)} o,
where we define ryc = py/p.. Here, a prime denotes differen-
tiation concerning the scale factor, denoted as x’ = dx /dIna.
Itis noteworthy that when & = 0, the prediction of the ACDM
model is recovered.

The equation above characterizes the first-order growth
factor D(a) and serves as a fundamental equation for N-body
gravity simulations. It ensures the accurate implementation
of the Zel’dovich approximation at each timestep, utilizing
the Zel’dovich equation of motion x(a) = g + D(a)s.

Figure 2 illustrates the growth factor’s variation with red-
shift z. It is apparent that as the value of & changes, notable
differences in the curves’ amplitudes arise, particularly at
lower redshifts. However, as redshift values increase, the
curves gradually converge asymptotically. This trend indi-
cates that within this framework, the interaction between DM
and DE significantly influences structures at lower redshifts,
whereas at higher z the effects diminish.

@ Springer

3 N-body simulations
3.1 Methodology

The cosmic structure formation in a given theory is most
accurately modeled with N-body simulations, where the par-
ticles in the simulation are incrementally displaced from their
initial positions according to the Poisson equation, the expan-
sion rate of the universe and initial conditions. In this work,
we will use the pmwd code [115], a differentiable cosmolog-
ical particle-mesh N-body library. On the other hand, codes
based on the Particle-Mesh method, like the pmwd code, may
not be as robust as well-established routines, such as those
implemented in Gadget [116,117], at very small scales. How-
ever, when conducting two separate analyses with a finer grid
resolution within the same volume, we observed no signifi-
cant differences in the predicted non-linear power spectrum,
Pn1(k), within the scales of interest for this work. It is impor-
tant to note that all our simulations for extracting Pnr. (k)
exclusively involve dark matter particles.

During each simulation, N-body particles discretize the
uniform distribution of matter at the beginning of cosmic
history at their Lagrangian positions ¢, from which they then
evolve by displacements s to their later positions X = g +
s(g). In what follows, we describe in a nutshell the main
physical quantities that are essential, and model-dependent,
when running the simulations.

The initial conditions of particles can be set perturbatively
when the linear approximation of the density fluctuation is
much smaller than 1. We can compute the initial displace-
ments and momenta using the second-order Lagrangian per-
turbation theory (2LPT) [118]:

s = Dis'V + Dys®,
p=a’H[D|s"V + Dis@], (13)

where we account for the cosmic background expansion H,
modified by Eq. (7), allowing the physical position to grow
alongside the expansion of the scale factor. The amount p is
the canonical momentum for the canonical coordinate x and
D is the growth factor, with the index 1 and 2 representing
first (linear) and second order calculations. The input linear
growth equation is given for the solution of our Eq. (12).

Following [115], we need now to write the growth equa-
tion using the suppression factors such that

Gy = Dy /a™, (14)

where the index m means the order of perturbative expansion
in respective quantities. Moreover, the derivatives are given
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by

Dy = a"Gy, (15)
D, =a" (me + G:n) , (16)
D! = a" (szm +2mG,, + G,;;) . (17)

The first equation in the 2LPT approximation is then writ-
ten as

Dy = aGy, (18)
D} = a(Gy + GY)), (19)
D{ = a(G; +2G] + GY). (20)

Then we find that the G equation takes the following form
for the IDE framework under consideration in this work:

!
of + G |7+ 2

3 rycEH rxcé
R )| BTV

H e
+5}+G1[W+ xc

a

+4

The second order follows as

Dy = a*Ga, (22)
Dy = a*(2Gy + G), (23)
D} = a*(4G, + 4G, + GY), (24)

and similarly, we obtain
/} !/ r s
G, + G, 4 — 4+ = 3
2+ 2( +|: + p +

!
+G2<4 + z[z TN 3}
H a

3 reeEH | reck
_|:§Qc_ H + 42 (S+3wx+rxcé_a)i|>
3 2
= 592G}, (25)

where the G; term is given by Eq. (21). This forms a system
of coupled equations.

In the cosmological consensus, the overdensity field is a
homogeneous and isotropic Gaussian random field charac-
terized by the linear matter power spectrum, Pjip,

BV (#)sV (&) = (27)°8P (k + K') Piin (k)
~ 5K (k + K)V Piin (k), (26)
where V is a periodic box.

We can calculate the linear contrast §!) by sampling each
Fourier mode independently

8V (k) = \/V Pino (k), 27)

where w (k) is the Fourier transforming of a real white noise
field w(q).

The input cosmological linear power spectrum can be writ-
ten as

ns—1 44 2
) 1200 <k (D (z)>’ (28)

& P .
lin = s Q%ng D2(0)

272 25 Kpivot

where D is the linear growth equation, 7' is the transfer func-
tion, Ay is the amplitude of the primordial power spectrum
defined at some fixed scale kpivot, and n; describes the shape
of the primordial power spectrum. In summary, one needs to
discretize the white noise modes w, and solve the growth and
transfer functions which both depend on a set of cosmologi-
cal parameters.

Finally, the core of gravitational N-body simulation is the
gravity solver. The gravitational potential sourced by mat-
ter density fluctuations follows the Poisson equation, which
can be solved efficiently in the Fourier space. As we are not
considering modifications in gravitational theory, the Pois-
son equation, and the gravity solver core remain the same by
default.

To test our framework for the IDE model in N-body sim-
ulations introduced above, we shall consider three scenarios:
the ACDM model from Planck-CMB best-fit values, and,
based on the recent LSS analysis [96] in the IDE context,
two different input baselines for IDE. Therefore, we will con-
sider the following common fiducial values: 109AS = 2.1,
ngy = 0.96, and Q; = 0.05, while we will choose for:

e ACDM: @,,=0.31, Hy=67.36 km/s/Mpc,
e IDE-01: ©,,=0.29, Hy= 68.02 km/s/Mpc, & = — 0.1,
e IDE-02: ©2,,=0.22, Hyp=71.6 km/s/Mpc, & = — 0.1.

For the simulations, we use 256° for the number of parti-
cles with single precision and a 5123 mesh ina (256 Mpc/h)3
box for 63-time steps, from a = 1/64 to a = 1. These are
relatively small simulations but suffice for our purpose in
this work. The box size mainly affects the power spectrum at
large scales caused by the cosmic variance, and we are inter-
ested in modeling P (k) on small scales. On the other hand,
the resolution mainly affects the power spectrum close to the
Nyquist limit at small scales. For a better comparison, we
apply smoothing with a Gaussian filter to remove the noise
in our figures. Hereby a standard deviation of o = 2.5 is
adopted for the Gaussian kernels in all simulations. For the
three scenarios, i.e, ACDM, IDE-01 and IDE-02, we evalu-
ate the non-linear power spectrum, P (k), at z = 0. For other
values of z, the form of P (k) remains unchanged; it merely
undergoes a simple amplitude rescaling.

@ Springer
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Fig. 3 Behavior of the function, Eq. (29), as predicted by N-body sim-
ulation data. The upper and lower lines represent deviation limits for
IDE-02 (lower line) and IDE-01 (upper line) parameter inputs, respec-
tively

3.2 Discussion

To quantify our findings, we introduce the ratio

Pipg (k)
Prcom(k)’
which quantifies deviations between simulations among the
different Pnr (k) model predictions.

Figure 3 depicts the behavior of the ratio Rnr (k), pro-
viding insights into the deviation of the IDE model from
the ACDM model. The shaded region indicates variations
in parameter values between the IDE-01 and IDE-02 base-
lines. The upper and lower lines highlight the deviation limits
predicted for IDE-02 and IDE-O1, respectively. As antici-
pated, IDE-02 demonstrates a more pronounced deviation
from ACDM compared to IDE-01. This discrepancy can be
attributed to the fact that IDE-01 has only a marginal dif-
ference in the chosen parameters with respect to the ACDM
case. On the contrary, the important difference between IDE-
01 and IDE-02 is not due to a different coupling among DE
and DM, but rather a different matter density and Hubble con-
stant. Between non-linear scales ranging from 0.15 to 0.40
h/Mpc, IDE models exhibit differences of approximately 20—
70% compared to the ACDM model. Moreover, across these
scales, general variations in the IDE baseline parameters may
result in deviations of approximately 30-70% up to scales of
about ~ 1 h/Mpc. Thus, it is noteworthy that even minimal
variations in the IDE baseline values carry significant impli-
cations for predicting P (k) at the simulation level.

Let us also introduce the ratio:

P (k)
Pinear (k) '
which quantifies the deviations between the linear and non-
linear power spectra as predicted by IDE models themselves.

Rnp(k) = (29)

Ripg (k) = (30)

@ Springer
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Fig. 4 Comparison between predictions of the function with simula-
tion data, Ry, (k), and with the fitting function, R;pg (k). The com-
parison for IDE-01 (IDE-02) are shown in red (blue), respectively

In our initial approach, we propose to fit the function
Ripe(k) = A - e "6=B? | ¢ 31)

In the following discussion, the superscript s indicates
quantities evaluated differently from N-body simulation
data. Figure4 illustrates the ratio between Rjpyp(k) and
RmpE(k), parameterized by Eq. (31). Our analysis, through
chi-square minimization, reveals that the parameters A €
[23.23,24.24], B € [3.77,4.74], C € [-0.03, —0.04], and
D € [—9.30, —16.35] can effectively fit the non-linear spec-
tra within a <5% relative difference for the values within the
range adopted in IDE-01 and IDE-02 samples. It is notewor-
thy that any observed noise in Fig.4 on very large scales is
solely attributable to the box size of our simulations. Thus,
for the regime where non-linear effects are predominant, i.e.,
k > 0.2 h/Mpc, we note that our fit is very precise with
accuracy <1%.

The fitting function, expressed as a parametric approx-
imation like in Eq. (31), has been widely employed to fit
non-linear scales in phenomenological models. In principle,
this approach could suffice to generate valid P (k) outputs
within the confines of the simulations conducted. However,
in the subsequent section, we will deviate from the con-
ventional methodology and explore a modified Halo model
capable of fitting the simulation data. We emphasize that N-
body simulations for interacting models, distinct from those
explored here, have been extensively investigated in the lit-
erature [104,119-126].

4 The Halo model for IDE

The leading order moment of the cosmological matter distri-
bution is the non-linear power spectrum, Pni. (k). The devel-
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opment and results presented in the previous section offer a
parametric function that relates the predictions Pni (k) and
Plinear- While this approach is commonly used in the litera-
ture, we also focus on a second argument: the development of
a new halo model that can incorporate the model of interest
in this work.

To do this, we used the structure based on the HMCode
[127] (see [128] for a review of halo models). By incorpo-
rating simulation-calibrated quantities, such as the halo mass
function and dark density profiles adjusted for baryonic feed-
back, the halo model offers a robust integration between the-
oretical predictions and observational data. This approach is
especially effective in modeling the nonlinear power spec-
trum, Pnr(k), and allows the model to be reused for other
analyses without the need for additional simulations, which
are expensive in terms of cost and computation.

In the halo model, the matter power spectrum P (k) is the
contribution of two parts. The first part is associated with
the description of non-linearities and is called the one-halo
term, Piy. The second part is called the two-halo term and
describes the linear part of the spectrum, associated with
small values of k, P>y. Thus, we have that the total power
spectrum is given by

P(k) = Pig + Pon. (32)

In many cases, it is also convenient to use dimensionless
quantities A2(k) = 47V (%)3 P (k). For the first term, it is
observed that the power spectrum presents the characteristics
of a shot noise, moderated by the halo density profile

3 00
Al (k) = (i) i—Z/ M*W?*(k, M)F(M)dM. (33)
2r) o= Jo

In the above equation, the power spectrum is formulated
as an integral over halo masses, M, with the differential halo
mass function denoted as d M, determined by the halo mass
function, (M), which predicts the abundance of dark matter
halos of different masses. Additionally, this integral incorpo-
rates the term W (k, M), representing the normalized Fourier
transform of the halo density profile [128]. On larger spatial
scales, the distribution of haloes exhibits non-random pat-
terns, and the displacements between them necessitate the
incorporation of a two-halo term into the power spectrum
analysis. This term accounts for the interactions between
haloes and is akin to the linear-theory power spectrum for
the matter distribution, A3 (k) = A% (k).

The HMCode exhibits specific modifications about the
halo model, involving parameters fine-tuned through simu-
lations and functions optimized to align with them. Concern-
ing the power spectrum, an adaptation is introduced to the
one-halo and two-halo terms. The one-halo term is enhanced
with a function to more effectively tailor the spectrum at these

scales. Consequently, it is redefined as follows:

Ra(k) = 1= f anh?(koy /y/ )| A%, 6, (34)

where f represents a free parameter, oy is the 1D linear-
theory displacement variance, and Alzin (k) refers to the adap-
tation of the linear term made by [129] in the form

2.2
A2 (k) — e KA (k). (35)

The one-halo term has also undergone modifications; in
this instance, it exhibits a more rapid decay and is conse-
quently redefined as:

- _ 2
Al = [1 —e @A, (36)

where k., represents a free parameter associated with the one-
halo damping wavenumber. The complete spectrum incorpo-
rates an additional « term, markedly enhancing the transition
between the respective terms. Its revised definition is as fol-
lows:

A(k) = [(A3)* + (Ahp*1'/e. (37)

Additionally, the halo model incorporates key elements
crucial to its formulation. One of these elements is the halo
mass density profile p(r, M), which is selected using the
Navarro—Frenk—White (NFW) profile [130].

Moreover, another significant component is the halo mass
function (HMF), denoted as F (M), which can be universally
represented by f(v):

M
%F(M)dM = f(v)dv. (38)

Here, v represents the peak threshold of a halo with mass
M, defined by:

o 6e(2)
T os(M, 2)’

where §.(z) denotes the critical threshold for spherical col-
lapse based on linear theory, and the variance og(M, z)
is computed from the linear matter power spectrum. In
the HMCode, the improved formula developed by [131] is
applied to determine f(v).

Now, it is crucial to understand the model dependency
up to this point. By default, any non-standard cosmology
will automatically change the predictions on og(M, z) and
Alzm (k). On the other hand, §.(z) is also a quantity depend-
ing on the model. Therefore, we changed the default pre-
diction to §.pg = (HMCode)ﬂl, where HMCode represents
the default term implemented in the code. The changes in
og(M, z) and Alzin (k) are already automatically captured by
the modifications described in Sect. 2.

Another essential quantity in the formulation of halo
models, which depends on the adopted cosmology, is the
concentration-mass relationship ¢ (M, z). In this context, Ref.
[132] underscores the necessity of incorporating a correction

(39)

@ Springer
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factor into the value. This correction factor involves multi-
plying the value by the ratio of the linear growth function
associated with the chosen cosmology to that of the stan-
dard model. This adjustment accounts for exotic cosmolog-
ical scenarios. For the IDE model, our proposition involves:

1+ z¢ (M) o 8IDE(z = 00)

1+z gacpm(z = 00)’
where zy represents the redshift at which halo formation
occurs, a quantity that depends on the mass and is further
detailed in [133]. Additionally, gipg depends on the growth
index, which is described by

c(M,z)=A (40)

ding
dlna
Notably, the growth index we employ deviates from stan-
dard values, as elucidated in [134]:
_ 31 — wo + 58)
5 — 6wy — 68
We have also made a crucial modification in the term
(A%H), redefining it for the IDE model as:

= Q™ (2). (41)

YIDE (42)

Ady(k) = PrA3 e, (43)

where £, and B3 are free parameters to be calibrated by sim-
ulation data.

Another aspect that we note in the IDE framework is the
location and magnitude of the transition that occurs in the
one-halo and two-halo terms. To mitigate these impacts, the
value of k, at A%H is modified to the new ones in the form
ks«ipE = (HMCode)fas, and the value of « is also changed to
apE = (HMCode)fs.

Taking these modifications into account, our complete
matter power spectrum is given by

Az(k) — [(ng)alDE + (A%H)QIDE]I/O{IDE. (44)

In summary, our adaptation of the Halo Model for IDE
introduces five new fitting parameters, namely B1, B2, 83, B4,
and Bs. These parameters essentially quantify deviations that
are contingent upon cosmological models within the frame-
work of the halo model and need to be determined by N-body
simulation data.

Our analysis indicates that g1 € [3.4,3.6], B, €
[0.15,0.28], B3 € [0.15,1.31], B4 € [3.5,5.1] and B5 €
[1.09, 1.11] can fit with good accuracy the entire parameter-
space range between the IDE-O1 and IDE-02 model base-
lines. The determination of the fitting values involved an
extensive study of the HMCode already implemented in
CLASS, where parameter variations were analyzed to assess
the impact of the IDE cosmology on the key functions of
the adopted halo model. The creation of these parameters
played a crucial role in our model’s ability to accurately
describe the power spectra of matter on non-linear scales.

@ Springer
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Fig. 5 Ratio between the non-linear matter power spectrum generated
by N-body simulation, P (k), and our adapted model P (k),,. The com-
parison for IDE-01 is shown in red and for IDE-02 in blue

Figure 5 illustrates the ratio between the modified halo model
and simulation data for two scenarios (IDE-01 and IDE-02).
Notably, modeling accuracy within a 5% margin extends to
values of k & 1. A relative difference of less than 5% com-
pared to simulations is a promising outcome, suggesting that
our model may be robust enough to capture the subtleties
of matter structures even in different settings, as tested with
IDE-01 and IDE-02. It is important to note that the Euclid
survey aims to measure power spectra with 1% accuracy at
linear scales. Our current calibration achieves an adjustment
within 5% for scales up to approximately 1h/Mpc. Given
the complexity of the phenomenological model under con-
sideration in this work, and considering that our proposal is
pioneering-specifically, in developing a new halo model for
the IDE scenario-we plan to offer further refinements in a
future publication, incorporating a significantly larger num-
ber of simulations and enhanced precision.

In the following sections, we implement our halo model
in a forecast analysis based on the sensitivity of the Euclid
survey.

5 Forecast analysis from the Euclid survey perspective

Building upon the development of the matter power spectrum
model that captures the effects of dark sector interactions
on non-linear scales, as outlined in the previous section, we
now turn our attention to a forecast analysis. In this section,
we aim to leverage the sensitivity of galaxy clustering and
cosmic shear measurements from the Euclid mission. This
analysis will primarily focus on quantifying the accuracy
and validation of our developed model. Our forecast analysis
methodology is based on the approach presented in [135].
We know that the arrangement of galaxies in space pro-
vides a good tracer of the hidden distribution of dark matter.
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The relationship between the power spectrum of galaxies,
Pg, and the power spectrum of matter, P, is given by:

Pg(k’ M’ Z) = fAP(Z) X fres(k’ l“l" Z)

) (45)
x frsp(k, i, 2) X b(z) x Py(k, 2),

where fap(z) is the term associated with the Alcock-
Paczynski effect, fies(k, i, ) is a suppression factor, b(z)
is the bias function (for more details see [135]) and frsp
incapsule the effects of the redshift space distortions. The
inclusion of the last term mentioned is crucial for the accu-
racy of the analysis.

It turns out that the redshift information we receive is
not solely generated by the expansion of the universe. The
Doppler effect, arising from the peculiar random velocities
of galaxies, also contributes, creating a distorted appearance
in the redshift pattern known as the ‘fingers of God’ [136].
Here, we describe these distortions using an exponential sup-
pression factor, as outlined in [137], so that the third term of
Eq. 45 is given by

2 209
frsotk, . 2) = (1+n(k, u?) e, (46)

where the first term in parentheses represents the Kaiser for-
mula [138], while the exponential term addresses the ‘fin-
gers of God’ phenomenon. Specifically, oy, is initially set
at 7 Mpc, with a range of 4-10 Mpc considered in our pre-
dictions. Meanwhile, 1 represents the corrected growth rate,
potentially influenced by the galaxy bias:

1+z dlnPyk,z)

nk.2) = =5, dz

47

Continuing with the discussion of Eq. (45), while it pro-
vides a comprehensive definition by incorporating various
factors to ensure accurate measurements, it is crucial to
account for the impact of experimental noise. As a result, we
partition our surveys into bins of width Az = 0.1, centered
around the mean redshift z. Within each bin, we compute
correlation functions to investigate the power spectrum at a
specific fixed redshift z. The volume of each redshift bin is
determined as follows:

V) = %”fsky - [ﬂ (z + %) 3 (z _ %)} . @8)

where fiy represents the fraction of the survey’s coverage
over the sky. Subsequently, to account for this experimental
noise, the observed quantity in each bin is adjusted as:

Povs(k, i1, 2) = Py(k, i, 2) + Pn(2), (49)

where Py(z) denotes the volume expressed in Eq. (48)
divided by the number of galaxies in the respective bin.

We will focus on redshifts ranging from 0.7 to approxi-
mately 2, with a sky coverage of 0.3636. In this analysis, the

spectroscopic redshift measurement accuracy, o, is impres-
sively low at 0.001 (1 + z). This small error is crucial because
it translates into a minimal radial distance uncertainty, o, via
the formula o)) = co;/H.

Furthermore, the bias factor for Euclid-detected galaxies
is approximated by a simple linear relation, b(z) = 1 + z.
To address potential deviations from this relation, let us also
consider two nuisance parameters, each with a mean value
of 1:

b(z) = bo(1 + z)°3P1, (50)

where in our analysis we will impose a stringent 5% preci-
sion, 20 CL, constraint on these b-factors to ensure accurate
modeling.

In our forecast analysis, we will incorporate the cos-
mic shear survey, which captures the alignments of galaxies
induced by weak gravitational lensing resulting from large-
scale structures along the line of sight. We will evaluate this
phenomenon in terms of the angular power spectrum, as
detailed in [135] for the Euclid survey. In this step, we inte-
grate our three-dimensional matter power spectrum model
into these calculations to enhance the accuracy of our pre-
dictions. To define the xz, we adopt an expression akin to
that presented in [139], given by

kma 1 =
max V (Z )
2 2 r\&n
X = / dk - k / —
; i 1202n)
5 (APg(k, 1, Zn))
Uozbs(kv M? Zn) + o[%l(k’ H/v Zn)

:|du, 61V

where A P, (k, 1, z,) denotes the difference between the pre-
dicted and observed galaxy power spectrum and to bolster the
analytical rigor, we also take into account the term denoted
as oy, (of which take the role of correlation lengths Ak, Apu,
Az), given by

1/2

ok, 1, z) = [

For the correlation length in wavenumber space, we set
Ak = 0.05h/Mpc. This choice aligns closely with the BAO
scale, which represents the smallest inherent scale in the mat-
ter power spectrum, thus providing a conservative estimate
for the correlation length in k-space. The purpose of the rela-
tive error envelope function «(k, 1, z) is to primarily address
uncertainties in two types of non-linear corrections: the pre-
diction of the matter power spectrum itself and the bias (see
discussion in [135]).

In what follows in our main results, we use a modified ver-
sion of the CLASS+MontePython code [114,140,141],
adapting the likelihoods euclid_pk as well as incorporating
all background dynamics, linear perturbations, and the mod-
ified halo models in CLASS, as discussed in the previous
sections.

@ Springer
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Table 1 Summary of the expected 1o sensitivity of Euclid to the cos-
mological parameters. The parameters bg and b represent the galaxy
bias parameters, and ony, accounts for the effects of RSD. The parameter
h is the reduced Hubble parameter, i.e., h = Hy/100

Parameter o (Euclid)
kmax = 0.1 kmax = 0.5 kmax = 1

Qecdm 0.037 0.018 0.015

ng 0.019 0.0065 0.0055

h 0.0169 0.0085 0.0066

& 0.0136 0.0131 0.0110
ONL 0.137 0.072 0.059

bo 0.0108 0.0039 0.0032
by 0.0143 0.0066 0.0058

In our forecast analyses, we considered three cases by
applying different cut-off scales: the linear regime (kpax =
0.14/Mpc), the mildly non-linear (kmax = 0.54/Mpc), and
the non-linear (kpyax = 14 /Mpc). Our model exhibits good
predictive capability across these scales, successfully fitting
the simulations. Furthermore, we incorporate baryon feed-
back using a six-parameter physical model, which includes
AGN-driven gas ejection and star formation processes,
as implemented in HMCode [142]. This model, validated
against hydrodynamic simulations, accurately captures feed-
back effects in the nonlinear power spectrum with sub-
percent precision, even on very small scales. For a recent
discussion on the significance of baryonic effects in the power
spectrum, see also [143-147].

Table 1 presents a statistical summary detailing the antic-
ipated sensitivity of the Euclid mission to cosmological
parameters at 1o confidence level (CL). These results pro-
vide invaluable insights into the precision with which Euclid
can probe the IDE framework adopted in this work. Through-
out our analysis, we have adopted the IDE-01 scenario base-
line values, ensuring consistency and comparability across
our findings. This choice serves as a robust foundation for
our discussions, enabling us to explore the nuanced impli-
cations of Euclid’s observations. Importantly, our sensitivity
constraints remain robust and independent of specific input
values for the parameters baseline. This inherent flexibil-
ity underscores the generality of our results, allowing for
broad applicability and facilitating meaningful interpreta-
tions across this IDE framework.

Of particular significance is the examination of sensi-
tivity towards the coupling parameter £. According to the
analysis of Euclid forecasts, the coupling parameter can be
constrained with a precision of o (§) = 0.013 (0.011) con-
sidering only linear (non-linear) scales, respectively. This
represents a substantial improvement by an order of magni-
tude compared to any other current observational tests doc-
umented in the literature. For example, in the study by [96],

@ Springer

which employed the full-form galaxy power spectrum of the
BOSS DR12 sample in conjunction with CMB data from
Planck, a constraint of & > —0.12 was established. Conse-
quently, the forthcoming data from Euclid has the potential
to enhance these constraints by up to two orders of magni-
tude. Therefore, the accuracy of the constraints generated by
the Euclid mission sensitivity will be crucial for the IDE
models. The joint accuracy with o (Q¢qm) and o (h), two
parameters highly sensitive to IDE dynamics, will also be
constrained with remarkable precision. Consequently, Euclid
data alone will possess the capability to constrain the dynam-
ics of IDE models, encompassing both background and per-
turbative levels, with unprecedented accuracy.

Figure 6 show the marginalized 1o and 20 contours and
one dimensional posteriors in the parametric space: Qcdm,
ng, h, &, oNL, bo, b1. Here, h represents the reduced Hubble
parameter, defined as i = Hy/100. In the following discus-
sions, we will adhere to this notation for the Hubble constant.
Let us refocus our attention on the coupling parameter. As
previously noted, the anticipated high-sensitivity forecast,
which can achieve an accuracy of o (§) = 0.0110, suggests
that with the current observed value of & = —0.1, there
could potentially be an indication of interaction within the
dark sector. To generalize and repeat the analysis with a dif-
ferent input value of £ = 0, we find & > —0.01 at 1o CL.
Therefore, it will be crucial to integrate forthcoming real data
from Euclid with existing data from the literature for a real
comprehensive analysis.

There are other noteworthy points to consider. In forecast
analyses from the Euclid perspective, a persistent and sig-
nificant negative correlation between the coupling parameter
& and the Hubble constant % is observed. This correlation
has been pivotal in supporting the argument that this class
of models might resolve the Hy tension [53,56,57]. Interest-
ingly, the analysis also suggests that £ may exhibit a notable
new correlation with the galaxy bias parameters by and by
(see Fig.6). Moreover, the observed correlation in the £-h
plane within the IDE framework implies that the galaxy bias
parameters are likely to correlate with i as well. This insight
unveils a previously unrecognized cosmological characteris-
tic of these models, which will be crucial to understand in
future analyses involving real observational data.

6 Final remarks

In conclusion, our study represents a significant step forward
in the utilization of IDE models for observational constraints
within the realm of LSS data analysis on non-linear scales.
By leveraging N-body simulations and refining a modified
halo model tailored to IDE cosmologies, we have demon-
strated the potential for achieving remarkable precision in
fitting simulated spectra down to scales of approximately ~
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Fig. 6 Marginalized 1o and 2o contours and one-dimensional poste-
riors in the parameter space, showing the expected sensitivity of Euclid
to the cosmological parameters for the IDE-01 scenario baseline values

1 h/Mpc. These findings not only enhance our understanding
of the dynamics of dark energy interactions but also under-
score the viability of IDE models as powerful tools for cos-
mological analysis. Moreover, our work opens new avenues
for future research, with implications for upcoming observa-
tional surveys such as the Euclid mission. The robustness of
our model, as demonstrated through forecast analyses, sug-
gests its potential utility in informing and refining cosmo-

for different cutting scales kmax. The analysis is performed following
the conservative approach for the description of the theoretical error

logical parameter estimates from forthcoming observational
data.

In anticipation of future developments, our next steps
involve the application and refinement of our models on
real observational data, including datasets such as the
Dark Energy Survey [148,149] and the Kilo-Degree Survey
(KIDS-1000) [150]. Specifically, we aim to investigate the
robustness of our model in addressing the current tension in
the Sg parameter. We are actively working on analyzing the

@ Springer



1104  Page 12 of 15

Eur. Phys. J. C (2024) 84:1104

results in this regard, and we look forward to sharing our
findings in future communications.
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