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A B S T R A C T 

We present for the first time a suite of cosmological simulations for a particular class of interacting Dark Energy cosmologies 
characterized by a background expansion history constrained to be indistinguishable from � CDM. Such Constrained Interacting 

Dark Energy scenario – or CIDER – has been recently proposed in the literature and has the appealing feature of suppressing 

structure formation at late times, thereby possibly alleviating the persisting σ 8 tension while leaving background observables 
unaffected. A crucial step to assess the viability of such scenarios is then represented by quantifying their impact on structure 
formation at non-linear scales, which is what we start investigating with the simulations discussed in the present work. We show 

that – for reasonable parameter choices – the reconstructed scalar potential is close to an exponential for most of the matter 
dominated epoch, and that the non-linear evolution of structures in these models imprints specific footprints on matter and halo 

statistics that may allow to break degeneracies with standard cosmological parameters. 
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1  I N T RO D U C T I O N  

Over the past decades, cosmology has reached its maturity thanks to 
the coordinated developments of robust theoretical predictions and 
ambitious observational campaigns that provided us with an ever- 
increasing wealth of high-quality data capable to rule out different 
competing models and to establish a standard ‘concordance’ cos- 
mological scenario. The � CDM model – based on a Cosmological 
Constant � as the source of the observed accelerated expansion 
and on cold dark matter (CDM) particles as the dominating matter 
component in the uni verse, dri ving the growth of cosmic structures 
– has emerged as the simplest description of the vast majority of 
presently available data (see e.g. Riess et al. 1998 , 2007 ; Planck 
Collaboration 2020 ; Semenaite et al. 2022 ; DES Collaboration 2022 , 
just to mention some major observational constraints), and the 
next generation of observational endea v ours – such as e.g. Euclid 
(Laureijs et al. 2011 ), The Vera Rubin Observatory (VRO-LSST; 
Ivezic et al. 2008 ), the Square Kilometre Array (SKA; Bacon et al. 
2020 ) – hold the promise to constrain its parameters with per cent 
accuracy, opening the so-called era of ‘precision cosmology’ . 

None the less, despite the remarkable success of the � CDM 

cosmology, its foundations still pose several puzzling questions. 
On the one side, the cosmological constant � does not seem to 
fit naturally in the framework of particle physics, with its observed 
value – deemed to remain constant throughout the whole evolution 
of the Universe – being exceedingly small with respect to the typical 
energy scale of fundamental particles and fields in the early Universe 

� E-mail: marco.baldi5@unibo.it 

(Weinberg 1989 ; Sahni 2002 ). On the other side, the hypothetical 
CDM particles have so far been e v ading all experimental efforts for 
a direct (see e.g. Marrod ́an Undagoitia & Rauch 2016 ; Buchmueller, 
Doglioni & Wang 2017 ) or indirect (see e.g. Gaskins 2016 ) detection, 
casting doubts on the actual existence of such fundamental particles 
and re vi ving the interest for alternative explanations (as e.g. for the 
recent re-consideration of Primordial Black Holes as possible Dark 
Matter candidates, see Green & Kavanagh 2021 ). 

Besides being affected by these fundamental puzzles, the � CDM 

scenario has been recently questioned also for the persisting tensions 
between its best-fitting parameters as derived independently from 

high-redshift and low-redshift observational probes (see e.g. the 
e xtensiv e review giv en in Abdalla et al. 2022 ). In fact, several 
independent studies have consistently shown how the former – mostly 
based on Cosmic Microwave Background (CMB) observations 
(Planck Collaboration 2020 ; Aiola et al. 2020 ; Balkenhol et al. 2021 ) 
– result in a lower value of the Hubble constant H 0 and in a higher 
value of the scalar perturbations amplitude parameter σ 8 with respect 
to the latter, which include different local probes of the cosmic 
expansion (such as Supernovae Ia; e.g. Riess et al. 2022 , cosmic 
chronometers; e.g. Moresco et al. 2022 , gra vitational wa ves; e.g. 
Abbott et al. 2021 , strong lensing time delay; e.g. Wong et al. 2020 ) 
and of the large-scale structure (LSS) evolution (including Weak 
Gravitational Lensing, e.g. Hildebrandt et al. 2017 , 2020 ; Joudaki 
et al. 2017 , 2018 ; Troxel et al. 2018 ; Asgari et al. 2021 ; Heymans 
et al. 2021 ; Amon et al. 2022 ; Secco et al. 2022 ; galaxy clustering, 
e.g. Abbott et al. 2018 ; Chen, Vlah & White 2022 ; Tr ̈oster et al. 
2020 ; clusters of galaxies, e.g. Vikhlinin et al. 2009 ; Bocquet et al. 
2019 ; Abbott et al. 2020b , a ; Marulli et al. 2021 ; Lesci et al. 2022 ; and 
redshift-space distortions, see e.g. Macaulay, Wehus & Eriksen 2013 ; 
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Kazantzidis & Perivolaropoulos 2018 ). Although such tensions are 
still not significant enough to claim for a failure of the � CDM model 
and could very well be due to unaccounted systematics in some of the 
involved observational pipelines, they have been persisting over the 
last few years and still remain unaddressed, thereby moti v ating the 
e xploration of alternativ e models that may be capable of providing a 
better fit to the data. 

These include a wide variety of possible extensions to the minimal 
set of hypotheses and assumptions that constitute the foundations of 
the � CDM cosmology, ranging from alternative dark energy (DE) 
models (such as quintessence or k-essence, see e.g. Ratra & Peebles 
1988 ; Wetterich 1988 ; Armendariz-Picon, Mukhanov & Steinhardt 
2001 ) characterized by a time evolution of the energy density –
and of the corresponding ne gativ e pressure – associated with the 
acceleration of the cosmic e xpansion, to e xtensions of the theory of 
gravity beyond standard Einstein’s general relati vity, gi ving rise to a 
modified evolution of the cosmic geometry and of the gravitational 
growth of cosmic structures at large scales (see e.g. Sotiriou & 

Faraoni 2010 , for a general overview), to dark matter scenarios 
featuring ultra-light bosonic particles (like the Axions Hu, Barkana & 

Gruzinov 2000 ; Hui et al. 2017 ) or mixtures of different families of 
fundamental particles (such as standard and sterile neutrinos, see e.g. 
Boyarsky, Ruchayskiy & Shaposhnikov 2009 ) to the more radical 
paradigm shift involving Primordial Black Holes as the source of 
the dark matter phenomenology (Bird et al. 2016 ; Carr, Kuhnel & 

Sandstad 2016 ; Green & Kavanagh 2021 ). 
Among such alternative scenarios, a significant interest has been 

raised by interacting DE models (Wetterich 1995 ; Amendola 2000 ; 
Farrar & Peebles 2004 ; Simpson 2010 ; Baldi 2011a ; Skordis, 
Pourtsidou & Copeland 2015 ) characterized by various possible 
forms of energy-momentum exchange between a light scalar field 
playing the role of DE and one (or multiple, as e.g. in Huey & 

Wandelt 2006 ; Amendola, Baldi & Wetterich 2008 ; Baldi 2012c ; 
Amendola, Barreiro & Nunes 2014 ) species of massive particles 
playing the role of dark matter. As a consequence of the interaction, 
the energy density and equation of state of the DE field may exhibit 
a non-trivial dynamical evolution and the dark matter particles may 
experience additional forces giving rise to a modified growth of 
structures both in the linear and non-linear regimes (Amendola 2004 ; 
Nusser, Gubser & Peebles 2005 ; Pettorino & Baccigalupi 2008 ; Li & 

Zhao 2009 ; Baldi et al. 2010 ; Li & Barrow 2011 ; Tarrant et al. 2012 ; 
Penzo et al. 2016 ; Sutter et al. 2015b ). Both these types of effects –
that are proportional to the coupling strength between the two dark 
sectors – can be observationally tested, making this kind of models 
predictive and falsifiable, and have led to place tight constraints 
(Pettorino et al. 2012 ; Pettorino 2013 ; Ade et al. 2016 ; G ́omez- 
Valent, Pettorino & Amendola 2020 ) on the simplest realizations of 
this scenario where the coupling is assumed to be a constant and the 
scalar field is equipped with a self-interaction potential given by some 
simple analytic function, as e.g. an exponential (Lucchin & Matarrese 
1985 ; Wetterich 1988 ) or an inverse power (Ratra & Peebles 1988 ). 
None the less, both these assumptions could be released, resulting in 
weaker observational constraints and a richer phenomenology of the 
models. 

In particular, in this work, we will consider the situation in 
which the latter assumption is dropped, while we will explore a 
theoretically moti v ated example of a non-constant coupling function 
in an upcoming companion paper (Baldi et al. in preparation). 
More specifically, in a recent work, Barros et al. ( 2019 ) have 
proposed a particular type of such interacting DE models where 
the scalar self-interaction potential is not specified a priori but is 
derived from the dynamical evolution of the model after fixing the 

background expansion history to that of � CDM. This implies that 
the model becomes indistinguishable from � CDM at the background 
level (by construction), thereby evading all constraints derived from 

geometric probes, still retaining its effects on the growth of density 
perturbations and cosmic structures. Interestingly, this approach 
leads to a suppression of structure growth, contrary to what was 
predicted by most of the standard interacting DE scenarios (as well 
as by most modified gravity theories), thereby providing a possible 
handle on the σ 8 tension mentioned abo v e. 

In the present work, we present for the first time a set of 
cosmological N -body simulations that incorporate all the effects 
characterizing the particular class of interacting DE models proposed 
in Barros et al. ( 2019 ), and we discuss the effects imprinted by the 
interaction on a range of basic cosmological observables such as the 
matter power spectrum, the halo mass function and concentrations, 
the halo and cosmic voids density profiles, and the voids abundance. 
We also numerically derive the shape of the resulting scalar self- 
interaction potential, showing that it is well approximated by an 
exponential function with a slowly varying slope. Our results show 

that this class of models could account for a lower value of σ 8 

and in general for a slo wer e volution of cosmic structure at low 

redshifts, still remaining consistent with � CDM at the background 
level, without requiring (or resulting in) contrived or unnatural shapes 
of the scalar field potential, thereby offering a viable and appealing 
alternative to the standard cosmological scenario. 

The paper is organized as follows. In Section 2 , we briefly 
introduce the cosmological models under investigation, highlighting 
how they are indistinguishable by construction from � CDM at 
the background level while showing deviations in the evolution of 
perturbations. In Section 3 , we describe the numerical setup of the 
cosmological simulations that we have performed for such models. 
In Section 4 , we describe the main results extracted from the simula- 
tions, discussing how the coupling affects some basic cosmological 
observables such as the matter power spectrum, the baryon-CDM 

bias, the halo mass function, the profiles and concentrations of haloes, 
as well as the abundance and density profiles of cosmic voids. Finally, 
in Section 5 , we summarize our findings and draw our conclusions. 

2  T H E  CIDER C O S M O L O G I C A L  SCENARIO  

We introduce in this section the main features of the cosmological 
models under investigation in the present work, thereby summa- 
rizing the general description of the background (Section 2.1 ) and 
linear perturbations (Section 2.2 ) evolution of these scenarios first 
discussed in Barros et al. ( 2019 ), to which we refer to a more 
detailed deri v ation of the main equations. Despite the variety of 
conventions and notations that have been adopted in the past by 
various authors (including ourselves) for the description of these 
models, we deliberately choose to follow the notation used in Barros 
et al. ( 2019 ) to allow for an easier cross-reference of our results. 

2.1 Background evolution 

We consider a standard coupled quintessence cosmological model 
(see e.g. Amendola 2000 , 2004 ; Farrar & Peebles 2004 ; Baldi et al. 
2010 ; Baldi 2011a , for a general discussion on coupled quintessence) 
for a universe described by a flat Friedmann–Lema ̂ ıtre–Robertson–
Walker metric: 

d s 2 = −d t 2 + a( t) δij d x 
i d x j (1) 

where a ( t ) is the cosmic scale factor and its deri v ati ve with respect to 
the cosmic time t defines the Hubble function H ( a) ≡ a −1 d a/d t = 
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ȧ /a. The energy density of the universe is described by the total 
stress-energy tensor T μν = 

∑ 

i T 
( i) 
μν where i is an index that runs over 

the different cosmic components which can be individually described 
as perfect-fluids: 

T ( i) μν = ( ρi + p i ) u 

( i) 
μ u 

( i) 
ν − p i g μν. (2) 

Here, ρ i and p i are the energy and pressure density of the fluid, 
respectively, u 

( i) 
μ is its four velocity, and g μν is the metric tensor. 

In particular, we consider four different components of the total 
energy budget, namely radiation and other relativistic species ( r ), 
baryonic particles ( b ), CDM ( c ), and DE in the form of a classical 
light scalar field ( φ). Following the standard approach of coupled 
quintessence models, we assume that relativistic species and baryons 
are minimally coupled and therefore separately conserved 

∇ μT ( r) μ
ν = ∇ μT ( b) μ

ν = 0 (3) 

while DE and CDM are allowed to directly interact through an 
exchange of energy momentum, which is bound to keep the total 
stress-energy tensor T μν conserved as well, which means: 

∇ μT ( c) μ
ν = C ν( φ) = −∇ μT ( φ) μ

ν . (4) 

where C ν( φ) is a conformal coupling function that can be expressed 
in the form (see again Amendola 2000 ; Baldi 2011a ): 

C ν( φ) = κβ( φ) ρc ∇ νφ. (5) 

In the previous expression, we have defined κ ≡ 8 πG , with G the 
Newton’s gravitational constant and β( φ) the coupling function that 
we will assume to be a constant β( φ) = const in this work. 

Restricting the coupling to the dark sector, thereby leaving baryons 
uncoupled, ensures consistency with Solar system tests of gravity 
(see e.g. Adelberger, Heckel & Nelson 2003 ; Bertotti, Iess & Tortora 
2003 ; Will 2014 ) without the need of a screening mechanism that 
is instead required in modified gravity scenarios. At the same time, 
having different matter species interacting with different couplings 
determines an ef fecti ve violation of the weak equi v alence principle 
that can result in a rich phenomenology potentially allowing to 
constrain the model (see e.g. Amendola & Tocchini-Valentini 2002 ; 
Kesden & Kamionkowski 2006 ; Keselman, Nusser & Peebles 2009 , 
2010 ; Archidiacono et al. 2022 ). 

The DE scalar field φ has an intrinsic energy density and pressure 
given by 

ρφ = 

1 

2 
g μν∂ μφ∂ νφ + V ( φ) (6) 

p φ = 

1 

2 
g μν∂ μφ∂ νφ − V ( φ) (7) 

where V ( φ) is a self-interaction potential. The interaction terms 
appearing in the conservation equations of the different species then 
result in the following set of background dynamic equations 

φ̈ + 3 H φ̇ + 

dV 

dφ
= κβρc (8) 

ρ̇c + 3 H ρc = −κβρc (9) 

ρ̇b + 3 H ρb = 0 (10) 

ρ̇r + 4 H ρr = 0 . (11) 

These are the standard background evolution equations of coupled 
DE models, and their solutions have been investigated in a large 
number of works o v er the past two decades (as e.g. Amendola 
2000 , 2004 ; Farrar & Peebles 2004 ; Mainini & Bonometto 2004 ; 

Pettorino & Baccigalupi 2008 ; Baldi et al. 2010 ; Baldi 2011a ; Skordis 
et al. 2015 , just to mention some). In particular, the integration of 
equation ( 9 ) leads to an evolution for the CDM density given by 

ρc ( a) = ρc, 0 a 
−3 exp ( −κβφ) (12) 

where the last exponential factor is a consequence of the energy 
exchange with the DE field. The immediate consequence of equa- 
tion ( 12 ) for a species that conserves particle number – as CDM – is 
that the rest mass of individual particles changes in time as m c ( a ) = 

m c , 0 exp ( − κβφ). 
In the standard approach, these kind of models are defined by 

choosing a theoretically moti v ated analytical form for the self- 
interaction potential function V ( φ) – as for instance, the inverse- 
power law (Ratra & Peebles 1988 ), the exponential (Lucchin & 

Matarrese 1985 ; Wetterich 1995 ), or the SUGRA (Brax & Martin 
1999 ) potentials – and then derive the cosmological evolution 
following from such motivated (yet somewhat still arbitrary) choices. 
In particular, the aforementioned analytic potentials have been found 
to provide natural scaling solutions for the evolution of the different 
cosmic species (see e.g. Copeland, Liddle & Wands 1998 ; Ferreira & 

Joyce 1998 ; Amendola 2000 ; Baccigalupi, Matarrese & Perrotta 
2000 ), and other appealing phenomenological behaviours (see e.g. 
Baldi 2012a ), while at the same time determining a sizeable impact 
on the background expansion history, which led to tightly constrain 
the allowed range of coupling values – at least for the constant 
coupling case – to a level that may be hardly distinguishable from 

the standard uncoupled case also for what concerns linear and non- 
linear structure formation (Amendola & Quercellini 2003 ; Pettorino 
et al. 2012 ; Pettorino, Amendola & Wetterich 2013 ; Ade et al. 2016 ; 
G ́omez-Valent et al. 2020 ). 

In the present work, we will follow the alternative approach 
proposed by Barros et al. ( 2019 ), which consists in imposing 
a standard � CDM background expansion history, i.e. setting by 
construction the constraint : 

H 

2 = H 

2 
� CDM 

, (13) 

where H � CDM 

is the standard Hubble function defined by 

H 

2 
� CDM 

= 

κ2 

3 
( ρr + ρb + ρCDM 

+ ρ� 

) (14) 

and let this constraint determine an effective potential V ( φ) according 
to the resulting dynamics of the scalar field φ. It is important to 
notice that within such approach ρCDM 

and ρc become two different 
quantities, as a consequence of the non-standard evolution of the 
CDM density in the coupled case described by equation ( 12 ). Clearly, 
by fixing the background to the � CDM one by construction, this 
scenario does not aim at pro viding an y solution to the longstanding 
‘naturalness’ problems associated with the cosmological constant, 
namely its fine-tuning at early times and the coincidence of its present 
abundance with that of matter. On the other hand, this class of models 
allows to investigate to which extent it is possible to accommodate 
background observations with a reasonable scalar field model that 
simultaneously modifies the growth of perturbations so to alleviate 
the σ 8 tension. 

As the constraint defined by equation ( 13 ) is the main feature that 
distinguishes this approach from the standard interacting DE cos- 
mologies, we take the freedom to dub this model as the Constrained 
Interacting Dark EneRgy (CIDER ) scenario. Such constraint ( 13 ) 
leads to a set of equations characterizing the dynamics of the model 
and its relation to the dynamics of the � CDM cosmology sharing the 
same expansion history. In particular, by taking the time deri v ati ve of 
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Table 1. A summary of the cosmological models investigated in the present 
work, indicating the value of the only free parameter of the model, i.e. 
the coupling β, and the derived value of σ 8 obtained from numerically 
solving the linear perturbations equations for each model. The table shows 
both the case of the best-fitting Planck 2020 normalization and the lower 
normalization adopted for the simulations presented here. 

Model β σ 8 σ 8 

A s = 2 . 105 × 10 −9 A s = 1 . 992 × 10 −9 

Planck (2020) Simulations 

� CDM 0 0.810 0.788 
CIDER-003 0.03 0.784 0.763 
CIDER-005 0.05 0.743 0.723 
CIDER-008 0.08 0.660 0.642 

equation ( 13 ) and using the continuity equations ( 8 )–( 11 ), one gets 
the scalar field density and pressure as: 

ρφ = ρCDM 

+ ρ� 

− ρc (15) 

p φ = p � 

= −ρ� 

(16) 

which can be combined with equations ( 6 )–( 7 ) to get: 

φ̇2 = ρCDM 

− ρφ. (17) 

The main outcome of this procedure is that the scalar field 
potential V ( φ) can be determined a posteriori as a combination of 
equations ( 15 )–( 16 ) taking the form: 

V ( φ) = 

1 

2 
φ̇2 + ρ� 

, (18) 

and reconstructed along the evolution trajectory of the field, so that 
the coupling β remains the only free parameter of the model. 

Interestingly, this represents to some extent a counterpart – in 
the realm of coupled quintessence cosmologies – of the widely 
investigated Hu & Sawicki ( 2007 ) f ( R ) gravity model: also, in that 
case, in fact, the free function of the model f ( R ) is implicitly fixed 
by the constraint of matching a � CDM expansion history, thereby 
leaving only one free parameter of the model (the f R 0 amplitude, 
see Hu & Sawicki 2007 , for a detailed deri v ation), and also in that 
case this constraint makes the model indistinguishable from standard 
gravity (i.e. � CDM) at the background level. 1 

Finally, by taking the time deri v ati ve of equation ( 17 ), one can 
derive the scalar field equation of motion: 

2 ̈φ + 3 H φ̇ − κβρc = 0 (19) 

which can be numerically integrated for dif ferent v alues of the 
coupling β to obtain the solution for the dynamical evolution of the 
system. In particular, we hav e solv ed the equation for the models 
summarized in Table 1 , assuming the cosmological parameters 
described in Table 2 and initial conditions consistent with a static 
field in the very early universe (i.e. deep in the radiation-dominated 
epoch φi = φ̇i = 0). 

In Fig. 1 , we show the evolution of the different density parameters 

i ≡ κρ i /(3 H 

2 ) for the different components ( dot–dashed for 
radiation, solid for total matter i.e. CDM + baryons, and dashed 
for DE) as a function of the number of e-folds N ≡ ln ( a ) for these 
three values of the coupling and for the standard � CDM cosmology. 

1 More precisely, the � CDM background constraint results in a two-parameter 
family of f ( R ) functions depending on the free parameters n and f R 0 ≡
( df ( R )/ dR ) 0 , with the former being usually fixed to the value of n = 1. 

Table 2. The set of cosmological parameters adopted for all the 
models investigated in the present work. 


CDM 

0.262 

� 

0.689 

b 0.049 
h 0.677 
n s 0.9665 
A s 2.105 × 10 −9 σ 8 = 0.810 (Planck 2020) 
A s 1.992 × 10 −9 σ 8 = 0.788 (Simulations) 

As one can clearly see from the plot, increasing the value of the 
coupling leads to a suppression of the 
c + b density in the matter- 
dominated epoch, with a corresponding increase of the 
φ density. 
Ho we ver, it should be stressed again that such deviations cannot be 
observed in any way through geometric probes as the background 
expansion history remains identical to the standard � CDM case by 
construction. Therefore, the standard bounds based e.g. on early DE 

constraints (e.g. Riess et al. 2007 ) or on other background observables 
(as e.g. in Caprini & Tamanini 2016 ) do not apply here. For the 
common coupling values, our results are consistent with the findings 
of Barros et al. ( 2019 ; see e.g. their fig. 1). 

In Fig. 2 , we also show the evolution of some characteristic quan- 
tities as obtained from our numerical integration of equation ( 19 ). 
More specifically, in the top-left panel, we display the evolution of 
the scalar field value φ (in units of the reduced Planck mass) as a 
function of redshift, for the three couplings under investigation. As 
the figure shows, the field remains static at very high redshifts and 
starts moving towards positive values under the effect of the source 
term provided by the non-vanishing coupling in equation ( 19 ). The 
field displacement at z = 0 is roughly proportional to the value of 
the coupling. In the top-right panel, we show the kinetic term of the 
scalar field defined as x ≡ √ 

κ/ 6 ( ̇φ/H ). Also, in this case, the field 
shows – at any redshift – a larger kinetic energy for larger values of 
the coupling, and the decrease of x at low redshifts is related to the 
transition between matter and DE domination. 

In the bottom-left panel, we show the interesting outcome of the a 
posteriori reconstruction of the field self-interaction potential V ( φ), 
according to equation ( 18 ) and to the numerical solution of the field 
dynamics. As one can see, the reconstructed potential resembles an 
exponential with an evolving slope as a function of the field φ. In 
particular, we show that at the time of maximum matter relative 
density – that is to say when 
M 

reaches its maximum value o v er 
the whole cosmic expansion history (marked by an open circle 
on the different trajectories in the figure) – the potential is well 
approximated by an exponential of the form 

V eff ( φ) ∝ exp [ −φ/ (3 β)] (20) 

which remains a decent approximation during most of the matter 
dominated epoch. The figure also shows some relevant cosmic times 
along the evolution of the scalar field on its own self-interacting 
potential. Interestingly, the asymptotic behaviour of the reconstructed 
self-interaction potential during matter domination appears to be 
consistent – for the coupling values considered in the present work –
with theoretical bounds derived from string theory under the so-called 
Swampland conjecture (see e.g. Obied et al. 2018 ) that constrain the 
scalar potential slope to be | dV / d φ| > c · V with c ≈ O(1) (see e.g. 
Agrawal et al. 2018 ). None the less, the derived potential is shown to 
flatten at more recent times, which may still put the model in tension 
with the Swampland criteria. Also, see Barros et al. ( 2023 ) for recent 
constraints on the coupling value in the CIDER scenario based on 
CMB and LSS observations. 
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≡ ln a for three values of the coupling β = 0.03 (red) β = 0.05 (green), and β = 0.08 (blue) compared with the standard � CDM case (black). 
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Figure 3. Left-hand panel: The redshift evolution of the linear density growing mode as computed through a numerical integration of equations ( 25 )–( 26 ) for 
the different models under investigation. The legend indicates the derived value of σ 8 for each model assuming the same normalization of scalar perturbations 
A s at the last scattering surface; Right-hand panel: The comparison of the derived quantity f σ 8 as a function of redshift with a compilation of observational data 
collected in Marulli et al. ( 2021 ), assuming the � CDM fiducial value for σ 8 for all the models (as done in Barros et al. 2019 , solid curves) or by adopting the 
true value of σ 8 as indicated in Table 1 and in the left-hand panel (dashed curves). 

Finally, in the bottom-right panel of Fig. 2 , we show the evolution 
of the CDM particle mass due to the energy-momentum exchange 
with the DE scalar field. As one can see from the plot, the CDM 

particle mass decreases in time (consistently with the dimensionless 
density evolution depicted in Fig. 1 ), reaching a suppression of 
about 30 per cent for the strongest coupling under investigation. 
This behaviour will be responsible, as we will see below, for the 
suppressed growth of density perturbations at low redshifts compared 
to the standard � CDM reference model. 

2.2 Linear perturbations 

We now mo v e to discuss the evolution of linear perturbations in the 
CIDER scenario, on top of the background evolution described in 
the previous section. We consider a perturbed FLRW metric in the 
Newtonian gauge: 

d s 2 = −(1 + 2 �)d t 2 − a 2 ( t)(1 − 2 � ) δij d x 
i d x i (21) 

and perturbed fields and fluids in the form 

φ( x , t) = φ̄( t) + δφ( x , t) (22) 

ρi ( x , t) = ρ̄i + δρi ( x , t) (23) 

p i ( x , t) = p̄ i + δp i ( x , t) (24) 

for which we can define in the usual way the density contrast δi ≡
δρi / ̄ρi of each species. 

By plugging these definitions into the perturbed Einstein equa- 
tions, one can derive the dynamic equations for the density contrast 
of the different species, and in particular, for the DM and the 
baryonic components, that with some algebra and by considering 
the Newtonian limit (i.e. sub-horizon scales of the perturbations) can 
be written as (see Amendola 2004 ; Baldi 2011a , for a more detailed 
deri v ation): 

δ′′ 
c + δ′ 

c 

(
2 + 

H 

′ 

H 

− κβφ′ 
)

− 3 

2 
δc 

(

CDM 

− κ2 

3 
φ′ 2 

)
(1 + 2 β2 ) 

− 3 

2 

b δb = 0 (25) 

δ′′ 
b + δ′ 

b 

(
2 + 

H 

′ 

H 

)
− 3 

2 
δc 

(

CDM 

− κ2 

3 
φ′ 2 

)

− 3 

2 

b δb = 0 , (26) 

where a prime indicates a deri v ati ve with respect to the e-folding 
variable N . It is interesting to notice how both baryons and DM 

components are subject to a DM source term with an ef fecti ve density 
given by the � CDM value 
CDM 

modulated by the particle mass 
suppression κ2 βφ′ 2/3, while only the DM component is subject to 
the additional fifth-force term ∝ (1 + 2 β2 ) δc and friction term ∝ 

−κβφ′ δ′ 
c . This is a well-known feature of coupled DE models (see 

e.g. Mainini & Bonometto 2004 ; Baldi et al. 2010 ). 
Equations ( 25 )–( 26 ) can be numerically integrated to obtain the 

linear growth of density perturbations for the DM and baryonic 
components, respectively, which can then be combined to obtain 
the growth of the total matter density contrast defined as: 

δ ≡ 
c δc + 
b δb 


c + 
b 

. (27) 

In Fig. 3 , we show the results of the numerical integration of the 
linear perturbations equations ( 25 )–( 26 ), displaying in particular in 
the left-hand panel the evolution as a function of redshift of the 
total density contrast δ normalized at the redshift of the CMB ( z CMB 

≈ 1100) and in the right-hand panel the linear growth observable 
f σ 8 – where f ≡ d ln δ/ dN is the linear growth rate – compared 
with observational data obtained from different surv e ys as described 
in Marulli et al. ( 2021 ; and references therein). These two plots 
correspond to the ones displayed in Barros et al. ( 2019 ) in their figs 3 
and 2, respectively, and appear fully consistent with their results. 
In the latter plot, we also distinguish between the case where σ 8 

is assumed to take the � CDM fiducial value (as done in Barros 
et al. 2019 , solid curves) and the case where f σ 8 is computed for 
every model by using its actual σ 8 value (dashed curves) as listed in 
Table 1 and indicated in the figure legend. As one can see in the plots, 
a larger value of the coupling β determines a stronger suppression 
of the linear growth and a lower f σ 8 , thereby resulting in a lower 
value of σ 8 at z = 0. This is the reason why these models have been 
claimed to provide a possible solution to the persisting σ 8 tension 
(see discussion and references abo v e), and certainly represents a 
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Figure 4. Left : The linear growth factor D + in units of the cosmological scale factor a normalized at the redshift of the CMB z CMB ≈ 1100 for all the models 
under investigation. The slower growth of linear perturbations in the CIDER cosmologies results in a lower value of σ 8 at low redshifts. Right : The ratio of the 
linear growth factor D + to the reference � CDM case for all the CIDER models. The inset shows the evolution of the ratio around the starting redshift of our 
simulations at z i = 99. All models have amplitudes within 0 . 5 per cent of the reference model at z i . 

particularly appealing feature of this scenario as a suppression in the 
growth of structures is difficult to achieve in most DE or modified 
gravity scenarios, though with some noticeable exceptions (see e.g. 
Pourtsidou & Tram 2016 ; Baldi & Simpson 2017 ; Wittner et al. 
2020 ). 

In Fig. 4 , we finally display the linear growth factor and its ratio 
to the � CDM reference model, both normalized at z CMB , in the 
left-hand and right-hand panels, respectively. In particular, the latter 
figure allows to notice how at high redshifts (roughly in the range 70 
< z < z CMB ) the coupling induces a slightly enhanced growth of the 
total density contrast, followed by a more significant suppression of 
the growth at lower redshifts. The early enhanced growth is driven 
by the cumulative effects of the extra-friction and fifth-force terms in 
equation ( 25 ) before the DM mass decrease starts to dominate and to 
suppress the growth at later stages. In the inset of the right plot, this 
can be seen in more detail, also noticing that all the models cross the 
reference � CDM line at z ≈ 70, and that in the redshift range 60 < z 

< 100, all models have perturbations amplitudes within 0 . 5 per cent 
from the reference � CDM. This finding will be rele v ant to support 
our approach to define the initial conditions of the simulations that 
will be discussed in the next section. 

3  T H E  SIMULATIONS  

3.1 The CoDECS2 project 

The CoDECS project (Baldi 2012b ) was developed about 10 yr ago as 
a publicly available suite of cosmological simulations for different 
types of interacting DE models, with the aim to provide a large 
data set of simulated cosmologies spanning the (at the time) viable 
range of interacting DE scenarios, including different self-interaction 
potentials and coupling functions. Most of the models included in the 
original CoDECS suite have subsequently been tightly constrained 
by data (see again Pettorino et al. 2012 ; Pettorino 2013 ; Ade et al. 
2016 ; G ́omez-Valent et al. 2020 ) and appear today less appealing. 
Ho we ver, ne w interacting DE fla v ors ha ve emerged in the meantime 
– including e.g. the CIDER scenario discussed in the present work 
(Barros et al. 2019 ), other forms of time-dependent couplings (e.g. 
van de Bruck & Thomas 2019 ), models of pure momentum exchange 
(Simpson 2010 ; Pourtsidou, Skordis & Copeland 2013 ; Skordis 
et al. 2015 ), or multiple coupling scenarios (as e.g. Bonometto, 

Mainini & Macci ̀o 2015 ; Baldi 2012c ; Vagnozzi et al. 2020 ; Ferlito 
et al. 2022 ) – that appear to be less constrained by data and may 
provide an interesting phenomenology, possibly alleviating some of 
the currently unaccounted tensions between high-redshift and low- 
redshift observations (Pourtsidou & Tram 2016 ; Baldi & Simpson 
2017 ) or persisting problems of the standard � CDM model at small 
scales (Macci ̀o et al. 2015 ; Garaldi, Baldi & Moscardini 2016 ). 
This moti v ates a follo w up of the CoDECS project by running a 
new suite of simulations for this new generation of interacting DE 

cosmologies. We are currently developing such a follow up as the 
CoDECS2 project, of which the CIDER simulations discussed in this 
work represent the first step. 

3.2 The CIDER simulations suite 

We performed a suite of collisionless cosmological N -body sim- 
ulations for the set of CIDER models listed in Table 1 using 
the C-Gadget code (Baldi et al. 2010 ), a modified version of the 
GADGET3 code (Springel 2005 ) that implements the type of dark 
sector interactions, characterizing general coupled DE models, which 
can be straightforwardly applied to the CIDER scenario. C-Gadget 
allo ws to follo w the cosmological e volution of dif ferent particle 
species featuring different couplings with a light DE scalar field, 
thereby allowing to distinguish the effective interactions experienced 
by uncoupled baryons and coupled DM particles and to capture more 
accurately the real evolution of such models, including the possible 
se gre gation effects between these different components. 

Following the approach of the original CoDECS simulations 
(Baldi 2012b ), we start the investigation of the non-linear evolution of 
the CIDER scenario by simulating a cosmological comoving volume 
of 1 Gpc 3 h −3 filled with a collection of 2 × 1024 3 particles to 
sample the baryons and DM density field. Although the particle 
mass resolution and the total volume of these simulations might 
be insufficient to faithfully reproduce the expected data quality of 
upcoming Stage IV surv e ys such as e.g. Euclid , VRO-LSST , or SKA , 
they still allow to test the theoretical modelling of several observables 
in extended cosmological models, which represents an essential step 
for the implementation of a likelihood inference procedure, including 
the rele v ant extended cosmological parameters. 

Also, we stress here that even though including a separate family 
of particles represent the baryonic mass fraction in the Universe 
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Figure 5. The density distribution in a slice of side 300 Mpc h −1 and thickness 20 Mpc h −1 extracted from the cosmological box of the � CDM ( left ) and 
β = 0.08 CIDER ( right ) cosmologies. The differences in the distribution and height of the density peaks can be noticed by eye looking e.g. at the structures 
appearing in the bottom-right corner of the two figures. 

(which is necessary in interacting DE simulations to faithfully 
represent the different evolution of baryons and dark matter due 
to their different coupling to the scalar field), our simulations do not 
feature any hydrodynamical treatment of the gas component, thereby 
discarding possible small-scale effects associated with stellar and 
active galactic nucleus (AGN) feedback mechanisms resulting from 

galaxy formation and evolution processes. 
The initial conditions of our simulations have been generated at 

z s = 99 as a random-phase realization of the total matter power spec- 
trum computed by the Boltzmann code CAMB (Lewis, Challinor & 

Lasenby 2000 ) for a � CDM cosmology with parameters defined 
as in Table 2 , according to second-order Lagrangian perturbation 
theory, by means of the public initial conditions generation code 
MUSIC (Hahn & Abel 2011 ). For these simulations, ho we ver, we 
adopt a lo wer v alue of the scalar perturbations amplitude A s – and 
consequently, a lo wer v alue of σ 8 = 0.788 – with respect to the 
current � CDM best fit [as obtained e.g. by Planck Collaboration 
( 2020 ), σ 8 = 0.811]. This choice is made in order to ensure a 
reasonable value of σ 8 for most of the models considered within 
the range of the CoDECS2 project, as the same � CDM run is 
assumed as reference also for different types of interacting DE 

models included in CoDECS2 and characterized by an enhanced 
growth of perturbations. These simulations will be presented in 
two separate companion papers (Baldi et al. in preparation). In any 
case, the choice of a slightly lower perturbations amplitude for the 
� CDM reference model does not affect the main conclusions of the 
present work, which are expected to hold unaltered for a different σ 8 

normalization as well. 
Although, in general, the modified growth of perturbations in cou- 

pled DE cosmologies would require to scale the amplitude of particle 
displacements and velocities in the initial conditions according to 
the indi vidual gro wth history of each model [as computed by the 
numerical integration of equations ( 25 )–( 26 ) and depicted in Figs 3 –
4 ], we choose to employ the same � CDM initial conditions for 

all models based on the observation that – at the starting redshift 
of the simulations – all models have a total linear perturbations 
amplitude within 0 . 5 per cent from the reference � CDM cosmology 
(see the inset in Fig. 4 abo v e), thereby making an y effect arising from 

such difference reasonably subdominant compared to the subsequent 
evolution of the simulations. The use of the MUSIC code for the 
generation of initial conditions will allow to perform detailed zoom- 
in simulations of individual haloes extracted from this suite to test 
the effect of the coupling on the virialization process of collapsed 
objects. This will be investigated in a future work. 

For all our simulations, we stored 25 full particle snapshots and 
93 halo catalogues (see below for the details of the halo finding 
procedure) in the redshift range 0 < z < 99, of which 12 and 52, 
respectiv ely, are co v ering the redshift range 0 < z < 1. In Fig. 5 , we 
display the mass-density distribution in a slice of thickness 20 and 
300 Mpc h −1 per side at z = 0 for the standard � CDM cosmology 
( left ) and for the most extreme CIDER model ( β = 0.08, right ). Visual 
inspection of these two maps allows to clearly identify differences 
in the spatial distribution and prominence of the density peaks 
corresponding to collapsed haloes, e.g. by looking at the structures 
appearing in the bottom-right corner of the two images, showing a 
more evolved and more strongly peaked distribution for the � CDM 

cosmology. This trend will be quantified through the analysis of the 
matter density field statistics in Section 4 . 

3.3 The halo catalogues 

In order to obtain our 93 halo catalogues, we have identified collapsed 
structures by means of a halo-finding process based on a Friends- 
of-Friends algorithm (FoF; Davis et al. 1985 ) with linking length 
λ = 0 . 2 × d̄ , with d̄ being the mean interparticle separation, followed 
by a gravitational un-binding procedure of all FoF groups performed 
with the SubFind algorithm (Springel et al. 2001 ), retaining only 
bound substructures with a minimum of 20 particles, and computing 
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Figure 6. The power spectrum ratio with respect to � CDM at z = 0 ( left ) and z = 1 ( right ) for all the CIDER cosmologies under investigation. The dashed line 
represents the expected linear ratio based on the solution of the perturbations equations, while the dot–dashed curve is the power ratio for a � CDM cosmology 
with the same σ 8 ( z = 0) as each of the CIDER models, as computed by CAMB + HaloFit. 

– for the substructure hosting the most bound particle – the spherical 
o v erdensity mass M 200, x and radius R 200, x defined in terms of an 
o v erdensity threshold of 200 times the critical density ( ρcrit ≡
3 H 

2 / κ2 ) or the mean density ( ρmean = 
M 

× ρcrit ) of the universe: 

4 

3 
πR 

3 
200 , { c rit,me an } × 200 × ρ{ c rit,me an } = M 200 , { c rit,me an } . (28) 

We are therefore equipped with two different halo catalogues based 
on these two different choices of the o v erdensity threshold, which 
will be employed in our analysis below. 

3.4 Voids identification and selection 

We also identify cosmic voids in the DM distribution of our simula- 
tions snapshots at z = { 0, 1 } by means of the VIDE toolkit (Sutter 
et al. 2015a ), a void-finding algorithm based on a Voronoi tessellation 
of the simulation domain and on the watershed transform (Platen, 
van de Weygaert & Jones 2007 ) approach previously implemented 
in the ZOBOV code (Neyrinck 2008 ). We refer to the original 
papers of VIDE and ZOBOV for a more extended description of the 
respective algorithms. In the void identification process, we allow 

for a random subsampling of the DM particle ensemble down to 
an average particle density of 0 . 02 h 

3 / Mpc 3 to save computational 
resources, and we clean the resulting catalogue from unphysical 
voids following the procedure detailed in section 3 of Pollina 
et al. ( 2016 ). For the resulting catalogue, we associate to each 
void an ef fecti ve radius R eff defined from the total v oid v olume 
V VOID detected by VIDE through the watershed transform procedure 
as 

V VOID = 

4 

3 
πR 

3 
eff . (29) 

4  RESULTS  

In the present section, we describe the main results obtained from 

our suite of simulations with respect to several different cosmological 
observables. 

4.1 Large-scale matter distribution 

4.1.1 The matter power spectrum 

First of all, we compare the large-scale matter distribution in terms 
of the non-linear matter power spectrum P ( k , z) extracted from the 
simulations. In Fig. 6 , we plot the ratio of the power spectra in the 
different CIDER models to the reference � CDM cosmology at z = 

0 (left-hand panel) and z = 1 (right-hand panel). The vertical dotted 
line represents the Nyquist frequency of the primary grid used to 
compute the spectra, corresponding to k Ny ≡ πN /L ≈ 3 . 2 h/ Mpc. 

The horizontal dashed lines represent the expected linear ratio of 
the power spectra based on the the linear growth factor obtained as 
the numerical solution of equations ( 25 )–( 26 ) for each model. As 
one can see from the figures, the simulated spectra perfectly track 
the expected linear ratio at scales k � 0 . 1 h/ Mpc. 

The dot–dashed curves correspond to the expected non-linear 
power spectrum ratio to the reference cosmology as obtained from the 
public Boltzmann code CAMB (Lewis et al. 2000 ) with the HaloFit 
non-linear module (Smith et al. 2003 ; Takahashi et al. 2012 ) for a 
set of � CDM models having the same value of σ 8 ( z = 0) as each 
of the CIDER cosmologies under investigation. As the figure shows, 
at z = 0, the CAMB + HaloFit ratios converge to the expected 
linear ratios – thereby matching with the simulation predictions 
as well – at large scales, while featuring a significant suppression 
of power at smaller scales due to a delayed development of non- 
linearities as a consequence of the lower linear normalization. None 
the less, the simulation results (solid curves) exhibit an even stronger 
suppression at small scales compared with this CAMB + HaloFit 
prediction, showing the imprints of the non-linear effects of the DE- 
CDM interaction. At z = 1, the offset between the CAMB + HaloFit 
ratios and the linear expectation at large scales shows the different 
linear growth rate between the CIDER models and a standard � CDM 

cosmology with the same σ 8 ( z = 0). 
This comparison is particularly instructive as it allows to highlight 

the distinct footprints of the CIDER non-linear evolution with 
respect to a standard � CDM cosmology with the same background 
expansion and the same linear perturbations normalization, namely: 
(i) a different redshift evolution of the linear growth amplitude and 
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Figure 7. The ratio of the baryon and CDM power spectra with respect to the standard � CDM case at z = 0 ( left ) and z = 1 ( right ). The violation of the weak 
equi v alence principle induces a different evolution of the baryon and CDM density perturbations as compared to the standard � CDM cosmology, resulting in a 
scale-independent suppression of the baryonic perturbations amplitude at large linear scales, which acquires a clear scale dependence at smaller scales due to to 
he onset of non-linear evolution. 

(ii) a further suppression of power at the smallest and most non- 
linear scales driven by the friction term of equations ( 26 )–( 25 ) that 
counteracts the gravitational collapse of bound structures. The latter 
effect, characterizing the fully non-linear regime of structure forma- 
tion, may allow to distinguish the CIDER cosmology from a standard 
� CDM model through measurements at a single redshift. We notice 
that a similar suppression at highly non-linear scales is a well-known 
prediction of galaxy formation simulations including feedback mech- 
anisms from astrophysical processes such as supernovae explosions 
or AGN evolution (Semboloni et al. 2011 ; Schneider et al. 2020 ; 
Martinelli et al. 2021 ). In this respect, these two types of effects may 
be degenerate with each other, thereby suppressing the constraining 
power of small-scale power spectrum observations on the coupling 
strength (as shown in e.g. Copeland, Taylor & Hall 2018 ; Carrilho 
et al. 2022 , for standard and coupled quintessence, respecti vely), e ven 
though their redshift evolution is expected to be different, possibly 
allowing to disentangle them from one another. In any case, as such 
astrophysical effects would further suppress the small-scale power, 
our predictions displayed in Fig. 6 can be taken as conserv ati ve. 
Interestingly, an additional small-scale power suppression on top 
of the one predicted by AGN feedback mechanisms appears to be 
required to accommodate a possible explanation of the σ 8 tension 
in the DES data that was recently proposed by Amon & Efstathiou 
( 2022 ). 

As one can see from the plots, both the linear-scales deviation from 

a � CDM growth and the non-linear scale-dependent suppression of 
power are proportional to the strength of the coupling, ranging (at 
z = 0) from a few per cent effect for the weakest coupling ( β = 0.03) 
to a ∼ 35 per cent effect for the strongest coupling ( β = 0.08) under 
investigation. 

4.1.2 The baryon-DM gravitational bias 

One of the most distinctive features of interacting DE models in 
general is the violation of the weak equi v alence principle, i.e. the 
fact that different matter species experience different gravitational 
accelerations arising from the same global matter distribution. This 
applies also to the CIDER scenario, as discussed abo v e in Section 2.2 . 

Therefore, in these cosmological models, we do expect that dark mat- 
ter and baryons may develop some bias in their spatial distribution as 
a consequence of their different effective gravitational accelerations, 
on top of the hydrodynamical bias developing at small scales due 
to the pressure forces acting on baryons and to radiative effects 
associated with star and galaxy formation, which are anyway not 
included in our numerical treatment. In this respect, our simulations 
include the baryonic matter fraction as an additional family of 
collisionless particles – i.e. we switch off the SPH hydrodynamic 
forces on baryons and any other astrophysical effect – thereby 
allowing us to observe the impact of the weak equivalence principle 
violation without any additional source of possible offsets between 
the baryons and CDM distributions. 

The simplest statistics to quantify this effect is the so-called 
gravitational bias, defined as the ratio between the baryon and 
the CDM power spectra, as a function of scale, P b ( k )/ P c ( k ). Due 
to the additional accelerations experienced by CDM particles as a 
consequence of both the fifth-force and the extra friction terms, we 
expect CDM perturbations to evolve faster than baryon perturbations 
in the linear regime, while in the non-linear regime, the onset of 
virialization may lead to a more complex interplay of these two 
additional forces (Baldi 2011b ). In Fig. 7 , we plot the gravitational 
bias with respect to the � CDM reference cosmology at z = 0 
and z = 1 for all the CIDER models under investigation. As the 
figures show, the CIDER models feature a progressively stronger and 
scale-independent suppression of the gravitational bias for increasing 
values of the coupling at large, linear scales, with a clear tendency to 
reduce the effect at the smallest scales available in our power spectra 
due to the onset of non-linear evolution where the friction term slows 
down the collapse of the CDM component (as discussed abo v e). 

4.2 Statistical and structural properties of dark matter haloes 

4.2.1 Halo mass function 

We now mo v e to inv estigate the statistical properties of collapsed (i.e. 
gravitationally bound) structures in our simulations, starting from the 
halo mass Function. For all our FoF haloes, we have computed the 
spherical o v erdensity mass M 200 and radius R 200 at an o v erdensity 
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Figure 8. The halo mass function ratio with respect to � CDM at z = 0 ( left ) and z = 1 ( right ). Solid curves with symbols indicate the measured mass function 
ratio from the simulations, while dashed curves show the ratio predicted by the theoretical Tinker et al. ( 2010 ) halo mass function for a � CDM cosmology with 
the same σ 8 ( z = 0) normalization as the various CIDER realizations. The non-linear dynamics of the CIDER models determines an additional suppression of 
the halo abundance compared to a � CDM cosmology with identical background expansion history and linear power normalization. 

threshold of 200 times with respect to both the critical density and 
the mean density of the universe around the most bound particle 
of the main substructure identified by SUBFIND. With these, we 
have computed the cumulative halo mass function of the sample. 
In Fig. 8 , we display as solid curves the ratio of the M 200, mean 

halo mass functions of all the CIDER models with respect to the 
standard � CDM cosmology, at z = 0 and z = 1. Both plots show 

a significant suppression of the abundance of haloes for increasing 
values of the coupling β, with a clear mass dependence making the 
effect more pronounced at the largest masses in the sample. The 
relative suppression reaches a value of ≈ 96 per cent at the largest 
masses for the strongest value of the coupling at z = 0, so that 
the most massive haloes identified in the � CDM cosmology are 
completely absent in the β = 0.08 model. As a comparison, we have 
computed the Tinker halo mass function (Tinker et al. 2010 ) for a set 
of � CDM cosmologies with the same cosmological parameters as 
our simulations but for different values of σ 8 ( z = 0) corresponding 
to the values obtained in the three CIDER cosmologies, and we show 

the ratio of these theoretical mass functions to the reference � CDM 

model as dashed curves in both panels of Fig. 8 . As it clearly appears 
from the figures, the actual suppression of the halo mass function 
in the simulations greatly exceeds the one predicted for a � CDM 

cosmology with the same σ 8 value. This is consistent with what 
is found abo v e on the matter power spectrum, where the smallest 
scales show an additional suppression of power with respect to a 
� CDM model with the same linear amplitude normalization. We 
notice that this effect also shows a weak redshift dependence, with 
the abundance at a fixed halo mass being more strongly suppressed 
at higher redshifts. 

4.2.2 Halo density profiles 

For all our simulations, we divided the halo sample at z = 0 into 
four mass bins corresponding to values of the M 200, crit spherical 
o v erdensity mass in the ranges [0 − 10 13 ], [10 13 − 7.5 × 10 13 ], 
[7.5 × 10 13 − 5 × 10 14 ], [5 × 10 14 − ∞ ], and for 100 randomly 
selected haloes in each of these mass bins, we computed spherically 

averaged density profiles in 30 logarithmically equispaced radial bins 
centred around the halo most bound particle. In Fig. 9 , we show the 
ratio of the stacked halo density profiles in each bin with respect to 
the reference � CDM model for all our CIDER cosmologies. As the 
plot very clearly shows, the density profiles feature a progressively 
stronger suppression for increasing values of the coupling, in all mass 
bins. The grey-shaded areas indicate the 2 σ statistical confidence on 
the � CDM profiles based on a bootstrap resampling of the 100 
randomly selected haloes in each mass bin. Therefore, while the 
weakest coupling β = 0.03 provides a significant suppression only 
for the most massive haloes, the β = 0.05 and β = 0.08 models show 

a statistically significant deviation from the � CDM expectation at all 
masses. This is a well-kno wn ef fect of interacting DE models with 
constant couplings, but it is the first time that this is observed in the 
context of the CIDER models, where the background effects of the 
coupling are absent by construction. 

4.2.3 Concentrations 

As a complement to the stacked density profile ratios discussed 
abo v e, we hav e also computed for all haloes in our sample (i.e. 
without any random selection) the halo concentration c � defined as 
(Springel et al. 2008 ): 

200 

3 

c � 3 

ln (1 + c � ) − c � / (1 + c � ) 
= 7 . 213 δV (30) 

with δV defined as: 

δV = 2 

(
V max 

H 0 r max 

)2 

(31) 

where V max and r max are the maximum rotational velocity of the halo 
and the radius at which this velocity peak is located, respectively. 
In Fig. 10 , we display the evolution of the concentration–mass 
relation with coupling in the CIDER cosmologies by plotting the halo 
concentrations computed according to equation ( 30 ) as a function of 
the spherical o v erdensity mass M 200, crit , in units of the reference 
� CDM cosmology. All models show a clear suppression of the halo 
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Figure 10. The ratio with respect to � CDM of the concentration–mass 
relation at z = 0. The gre y-shaded re gion represents the Poissonian error on 
the ratio for the � CDM cosmology. 

concentrations o v er the whole mass range of our halo sample, with the 
suppression increasing with increasing coupling. The grey-shaded 
area represents the Poissonian error on the ratio for the � CDM 

halo sample. Again, the observed suppression of halo concentration 

is a well-known feature of interacting DE models with constant 
couplings, but we highlight it here for the first time for models 
with a background expansion history indistinguishable from � CDM. 
Therefore, for the CIDER cosmologies, it is possible to obtain a 
quantitative assessment of the concentration suppression due to the 
modified gravitational dynamics alone, without possible additional 
effects arising from a different expansion history. 

4.2.4 Halo bias 

As a final observable characterizing the halo distribution in our 
simulations, we have computed the ef fecti ve halo bias B ( k ) defined 
as: 

B( k ) ≡ P hm 

( k ) 

P mm 

( k ) 
, (32) 

where P hm ( k ) is the cross-power spectrum between the halo and 
CDM particles distributions, while P mm ( k ) is the matter auto power 
spectrum as computed abo v e. We show the ratio of this effective 
bias to the reference � CDM cosmology in Fig. 11 , where we have 
cut the plot at k ∼ 1 h/ Mpc to a v oid resolution issues at smaller 
scales due to the lower number of haloes compared to the CDM 

particle distribution. As the plot clearly shows, the interaction induces 
an almost scale-indepedent increase of the large-scale bias for 
increasing values of the coupling constant. This result is consistent 
with what has been found in previous works on models characterized 
by a suppressed (see e.g. Marulli et al. 2011 ; Castorina et al. 2015 ) 
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growth of structures, while the opposite trend is known to occur in 
the case of enhanced growth (see e.g. Marulli, Baldi & Moscardini 
2012 ; Cai, Padilla & Li 2015 ). 

4.3 Statistical and structural properties of cosmic voids 

As a final test of the impact of the CIDER models on structure 
formation, we investigate the properties of the cosmic voids identified 
in our simulations through the procedure detailed in Section 3.4 . 

4.3.1 Abundance of cosmic voids 

We start by computing the abundance of cosmic voids as a function 
of their ef fecti ve radius R eff as defined in equation ( 29 ). This is 
known to be a powerful probe for cosmological parameter estimation 
(Contarini et al. 2019 ; Ronconi et al. 2019 ), especially when joint 
with other complementary probes (Hamaus et al. 2020 , 2022 ), and to 
constrain extensions to the standard cosmological scenario (see e.g. 
Cai et al. 2015 ; Pisani et al. 2015 ; Pollina et al. 2016 ; Voivodic et al. 
2017 ; Schuster et al. 2019 ; Verza et al. 2019 ; Contarini et al. 2020 ). 

In Fig. 12 , we display the differential void size function dN / dR eff 

as a function of the void ef fecti ve radius R eff for the reference � CDM 

cosmology (solid black) and for the three CIDER models investigated 
in the present work, at z = 0 and z = 1. The void size functions 
show their typical shape characterized by a growing abundance at 
small radii (primarily due to the void radii becoming comparable 
with the spatial resolution of the downsampled matter distribution, 
thereby making smaller voids undetectable) reaching a peak around 
10–15 Mpc h −1 followed by an exponential decrease at larger radii, 
indicating the hierarchical buildup of larger voids from the merging 
of smaller ones. 

The comparison among the different models shows very clearly 
the effect of the CIDER cosmologies on the size function, resulting 
in a suppressed abundance of the larger voids (i.e. on the right of the 
peak) and a corresponding increase of the smaller ones (i.e. on the 
left of the peak), witnessing a delay in the hierarchical assembly of 
voids due to the suppression of the growth rate of cosmic structures. 
In the lower panels of Fig. 12 , we show the relative deviation of 
the void size functions to the reference � CDM case N / N � CDM 

, in 

units of the statistical significance σ computed by propagating the 
Poisson noise in each bin of ef fecti ve radius to the relative difference. 
The effect is roughly proportional to the value of the coupling 
β and reaches a significance of 7 − 10 σ for the most extreme 
CIDER scenario. This result sho ws ho w voids abundance could be 
another powerful probe to constrain this class of interacting DE 

scenarios. 

4.3.2 Void density profiles 

We finally investigate the structural properties of cosmic voids in 
the various CIDER models by computing the stacked radial density 
profiles around the voids centres identified in the � CDM simulation 
for a subsample of 100 randomly selected voids within two bins 
of void ef fecti ve radius, namely R eff ∈ { 5 − 20 , 20 − 40 } Mpc h −1 . 
We display the outcomes of such comparison in Fig. 13 for these 
two R eff bins (left and right plots, respectively) at z = 0 and z = 

1 (upper and lo wer plots, respecti vely). In each plot, the top panel 
presents the density profile of the different models, where the error 
bars represent the Poissonian error on the mean density value in each 
of the 50 logarithmically equispaced radial bins used to build the 
profiles, based on the number of voids considered in the � CDM 

stacking; the bottom panel shows the relative deviation from the 
reference � CDM model, where the grey-shaded area indicates the 
1 σ statistical significance according to a bootstrap estimation. The 
comparison shows that cosmic voids in CIDER cosmologies are 
shallower than their � CDM counterparts, with a less pronounced 
compensation wall, with the effect being directly proportional to the 
coupling constant β and reaching a deviation of 30 − 40 per cent 
for the most extreme value of β = 0.08 in the inner regions of the 
smaller voids, while the larger voids show milder and less significant 
deviations. Therefore, the CIDER cosmology results in less empty 
voids, which may determine a lower amplitude of the weak-lensing 
signal at small scales. This feature also points towards a possible 
alleviation of the σ 8 tension. 

5  C O N C L U S I O N S  

Cosmological models beyond the standard � CDM scenario have 
been proposed and investigated over the past decades based on a 
wide range of theoretical and observational motivations and still 
represent a highly active field of research in view of the wealth 
of high-precision data expected from the upcoming era of large- 
volume cosmological surv e ys. In particular, the search for alternativ e 
models has gained rele v ance after the emergence of the two well- 
kno wn observ ational tensions regarding the v alue of the local Hubble 
constant H 0 and the amplitude of density fluctuations σ 8 at low 

redshifts. 
Although both issues may be resulting from unaccounted system- 

atics or data interpretation problems, none of the many and thorough 
investigations in this direction have so far succeeded in reducing 
these tensions below the level of statistical significance. 

On the other hand, extended cosmological models are still 
struggling to provide satisfactory solutions to both problems at 
the same time, allowing in most cases to address only one of the 
aforementioned tensions. In particular, in the context of DE and 
modified gravity scenarios, it is generally difficult to address the σ 8 

tension as most of such models predict an additional attractive force 
on top of standard gravity, thereby giving rise to an enhanced growth 
of perturbations and thus a higher (and not lower) amplitude of 
linear density fluctuations at low redshifts. Therefore, it is interesting 
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Figure 12. The differential void size function at z = 0 and z = 1 based on the CDM voids catalogues extracted from a random subsampling of the CDM particle 
distribution for all the cosmological models under investigation. Bottom panels show the relative difference with respect to the reference � CDM cosmology in 
units of the statistical significance of the ratio. 

to investigate thoroughly those (few) models that may show the 
appealing feature of suppressing structure growth at late times. This 
is the case e.g. for dark scattering scenarios (see e.g. Simpson 2010 ; 
Baldi & Simpson 2017 ), Bouncing interacting DE (Baldi 2011b ), or 
some particular realizations of scalar-tensor modified gravity theories 
(Wittner et al. 2020 ). 

In a recent work, Barros et al. ( 2019 ) have proposed a particular 
class of coupled DE (Amendola 2000 , 2004 ) models that may 
result in a slower growth of structures as compared to � CDM. 
The most remarkable feature of such models, which we termed 
here as the CIDER cosmologies, is that the background expansion 
history is constrained to be identical to a reference � CDM model 
by construction, similarly to what happens – in a different context 
– for the Hu & Sawicki ( 2007 ) realization of f ( R ) modified gravity. 
Therefore, although obviously not allowing to ease the H 0 tension 
(at least in their original formulation), these CIDER cosmologies 
result in a suppression of structure formation at late times, thereby 
possibly accommodating low-redshift observations of the density 
perturbations amplitude, without further exacerbating the H 0 tension. 

While some insight into the non-linear evolution of the CIDER 

models has been provided by studying the spherical collapse process 
in Barros, Barreiro & Nunes ( 2020 ), no extended analysis of non- 
linear structure formation has been performed for these scenarios so 
far, and we hav e pro vided in the present work the first e xtensiv e in- 
vestigation in this direction by presenting a suite of full cosmological 
N -body simulations implementing the physics of the CIDER models 
and discussing their basic outcomes. More detailed analysis of these 
simulations for specific cosmological observables will be discussed 
in future works. 

More specifically, we have run a set of four cosmological sim- 
ulations for one reference � CDM model and three realizations of 
the CIDER scenario for different values of the coupling constant β. 
The simulations feature a periodic box of 1 Gpc h −1 per side with 
2 × 1024 3 particles – including both baryons and CDM species – in 
order to properly implement the violation of the weak equi v alence 

principle that characterizes all interacting DE models, including 
the CIDER scenario. For all these simulations, we have produced 
density power spectra for both particle species, halo and subhalo 
catalogues, and voids identification, and we have analysed these data 
with respect to several possible observables. These simulations are 
part of a more extended initiative – the CoDECS2 project – that is 
aimed at providing a follow up of the CoDECS project (Baldi 2012b ) 
by updating the landscape of simulated interacting DE cosmologies 
with some of the rele v ant (and still viable) models proposed in the 
last decade. In this work, we have thus discussed the results obtained 
for the first class of such models – the CIDER scenario – co v ered by 
the CoDECS2 project. 

In particular, our main findings can be summarized as follows: 

(i) The large-scale density distribution (Fig. 5 ) shows the same 
topology and shape of the cosmic web (as expected due to the 
identical initial conditions) for all our simulations; still, the visual 
comparison between the � CDM and the most extreme CIDER model 
with β = 0.08 already allows to observe differences in the location 
and height of the density peaks associated with individual haloes, 
showing a clearly less evolved distribution for the CIDER universe; 

(ii) The non-linear matter power spectrum (Fig. 6 ) shows a clear 
scale-independent suppression at large scales, with the effect being 
directly proportional to the strength of the coupling constant β; at 
smaller scales, a further scale-dependent suppression occurs, which 
is primarily due to the shift in the non-linearity scale associated 
with the lower linear amplitude; none the less, by comparing the 
spectra of each CIDER model with a non-linear spectrum of a � CDM 

cosmology calibrated to have the same linear amplitude (i.e. the 
same σ 8 , thereby cancelling any effect due to the difference in linear 
normalization), the CIDER models still show a further small-scale 
suppression that appears to be related to the effect of the velocity- 
dependent drag acceleration characterizing these models; such extra 
suppression may be crucial to break degeneracies with σ 8 through 
e.g. weak-lensing observations at large multipoles, as shown for other 
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Figure 13. The stacked void density profiles in two different ranges of void effective radius at z = 0 ( top ) and z = 1 ( bottom ). In each plot, the upper panels 
show the spherically averaged stacked profiles for all the cosmological models under investigation, while the lower panels display the ratio to the reference 
� CDM scenario. Error bars represent the statistical Poissonian errors on the average density in each radial bin as computed from the � CDM simulation, while 
the grey-shaded area shows the statistical significance of the ratio computed through a bootstrap resampling procedure. 

interacting DE models by e.g. Pace et al. ( 2015 ) and Giocoli et al. 
( 2015 ); 

(iii) The weak equi v alence principle violation appears clearly in 
the ratio between the baryon and CDM non-linear matter power 
spectra (Fig. 7 ), which shows a suppression directly proportional 
to the coupling strength β; this is due to the fact that, besides 
the o v erall slo wer gro wth due to the progressive decrease of the 
dark matter particle mass (that affects both species through the 
total gravitational potential), dark matter particles also experience 
an extra acceleration due to the combination of the fifth-force and 
the velocity-dependent drag terms; this determines a lag of the 
baryonic o v erdensity amplitudes with respect to the dark matter 
ones; 

(iv) The abundance of haloes quantified by the halo mass function 
(Fig. 8 ) shows a suppression o v er the whole mass range co v ered by 
our halo catalogue, with a clear exponential mass dependence, and 
with an amplitude proportional to the coupling strength β; also, in this 
case, the effect significantly exceeds what would be expected for a 

� CDM cosmology with the same linear perturbations normalization 
at z = 0, as computed through e.g. the Tinker et al. ( 2010 ) fit to 
the halo mass function; therefore, the non-linear evolution of the 
model plays a crucial role in the buildup of collapsed structures and 
may also allow to break degeneracies with standard cosmological 
parameters; 

(v) The importance of highly non-linear effects in shaping the 
structural properties of haloes is also very clearly highlighted by the 
comparison of stacked halo density profiles (Fig. 9 ) showing a clear 
suppression of the inner o v erdensity of haloes at all masses; while 
the suppression may be weak and barely significant for the smallest 
coupling value under investigation ( β = 0.03), it is instead quite 
rele v ant for the larger coupling values reaching ≈ 60 per cent for 
β = 0.08; 

(vi) As a consequence of the o v erdensity suppression in the inner 
regions of collapsed objects, also the concentration–mass relation 
(Fig. 10 ) is suppressed at all masses in the CIDER models with 
respect to � CDM, with an amplitude proportional to the coupling 
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constant, ranging from ≈ 5 − 10 per cent to ≈ 40 − 50 per cent for 
the couplings considered in this work; 

(vii) Cosmic voids are also affected by the slower growth of 
density perturbations, with a significantly lower abundance (Fig. 12 ) 
of the largest voids ( � 10 Mpc h −1 ) and a corresponding increased 
abundance of the smaller ones, witnessing a delay in the process of 
hierarchical merging of cosmic voids; also, in this case, the deviation 
is directly proportional to the strength of the coupling constant β; 

(viii) Finally, we investigated the stacked density profiles of 
cosmic voids (Fig. 13 ) sho wing ho w the CIDER cosmologies tend 
to have shallower voids with less underdense inner regions and a 
less pronounced compensation wall at their boundary; such feature 
also goes in the direction of a weaker lensing power amplitude at 
the corresponding angular scales, thereby possibly alleviating the σ 8 

tension. 

To conclude, we have performed for the first time cosmological 
simulations of an interacting DE scenario constructed by fixing the 
background expansion history to that of the standard � CDM model 
and presented their main outcomes in terms of a set of basic cos- 
mological observ ables, sho wing distincti ve footprints of the ef fects 
of the DE interaction on the properties of large-scale structures. Our 
results confirm the tendency of these particular cosmological models 
to suppress structure formation, thereby providing a possible avenue 
to address the persisting observational σ 8 tension. 
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