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ABSTRACT
Among the possible alternatives to the standard cosmological model (�CDM), coupled dark
energy models postulate that dark energy (DE), seen as a dynamical scalar �eld, may interact
with dark matter (DM), giving rise to a ��fth-force�, felt by DM particles only. In this paper,
we study the impact of these cosmologies on the statistical properties of galaxy populations
by combining high-resolution numerical simulations with semi-analytic models (SAMs) of
galaxy formation and evolution. New features have been implemented in the reference SAM
in order to have it run self-consistently and calibrated on these cosmological simulations. They
include an appropriate modi�cation of the mass�temperature relation and of the baryon fraction
in DM haloes, due to the different virial scalings and to the gravitational bias, respectively.
Our results show that the predictions of our coupled-DE SAM do not differ signi�cantly from
theoretical predictions obtained with standard SAMs applied to a reference � cold dark matter
(�CDM) simulation, implying that the statistical properties of galaxies provide only a weak
probe for these alternative cosmological models. On the other hand, we show that both galaxy
bias and the galaxy pairwise velocity distribution are sensitive to coupled DE models: this
implies that these probes might be successfully applied to disentangle among quintessence,
f(R)�gravity and coupled DE models.

Key words: galaxies: evolution � galaxies: formation � cosmology: theory � dark energy.

1 INTRODUCTION

Dark energy (DE) represents a critical unknown for the concor-
dance cosmological model of our Universe, which emerged as the
result of a decade-long effort in the determination of the key cosmo-
logical parameters (see e.g. Planck Collaboration XVI 2014). The
easiest description for this mysterious contributor to the present
energy density, which accounts for �70 per cent, is a classical
cosmological constant �, i.e. an homogeneous and static energy
density �lling the whole Universe at all epochs. This simple model
(�CDM hereafter), while indeed able to explain the vast majority
of the observed properties of the Universe, bears a number of the-
oretical problems (see e.g. Weinberg 1989, for a review), mostly
due to the level of ��ne-tuning� required to accommodate for the
small value of � at the present epoch. A number of alternative DE
models have thus been proposed in the literature trying to explain
the origin of the accelerated expansion: these range from scalar �eld

� E-mail: fontanot@oats.inaf.it

theories (i.e. quintessence), to modi�cations of the equation of gen-
eral relativity (see e.g. Amendola et al. 2013, and references therein
for a comprehensive review). In order to provide the observational
constraints needed to disentangle between those different scenarios,
wide galaxy surveys are currently under advanced planning, like the
Euclid mission (Laureijs et al. 2011), which relies on a combination
of weak lensing measurements (based on precision imaging) and
clustering analysis (from slitless spectroscopy), which will allow
us to study, at the same time, both the evolution of the equation of
state of DE and the growth function.

Since galaxies provide the privileged tracers of cosmic evolu-
tion, it is crucial, for the success of these missions, to understand
the interplay between the physical processes responsible for galaxy
formation and evolution and the assembly of the large-scale struc-
ture. The former issue has been explored, for a number of alterna-
tive cosmologies, with the help of numerical methods that follow
the non-linear evolution of virialized structures (i.e. high-resolution
N-body simulations, see e.g. Grossi & Springel 2009; Baldi 2012b;
Puchwein, Baldi & Springel 2013 and references herein). In the
baryonic sector, semi-analytic models (SAMs) employ simpli�ed
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analytic prescriptions to model the relevant processes acting on
the baryonic gas (and their interplay), and to study the evolution
of galaxy components as a function of their physical properties,
redshift and environment. This approach has been shown to cor-
rectly reproduce a number of observational data, and the predictions
of different models are consistent in many cases (Fontanot et al.
2009, 2012a), even if some tension with the data still remains (see
e.g. McCarthy, Bower & Balogh 2007; Boylan-Kolchin, Bullock &
Kaplinghat 2012; Weinmann et al. 2012). The analytic prescriptions
embedded into SAMs are physically grounded and observationally
motivated but involve numerous parameters, which are constrained
by requiring the model to reproduce a well-de�ned sample of (typi-
cally) low-z observations. This approach thus harbours a signi�cant
level of degeneracies (see e.g. Henriques et al. 2009), which are also
related to the fact that different authors adopt different approxima-
tions for key physical mechanisms. In the context of future space
missions, it is therefore of fundamental importance to characterize
the impact of alternative DE models on the predicted properties of
galaxy populations, in order to devise observational tests that can
safely distinguish different cosmological models.

Our group was the �rst to study the implications of non-standard
cosmological scenarios on the relevant properties of galaxies in a
large cosmological volume, and to fully quantify their impact on the
statistical properties of galaxy populations as predicted by SAMs.
We focus on the amplitude of the expected modi�cations in the
galaxy stellar mass function, on the cosmic star formation rate and
on the two-point correlation function, but we also consider higher
order statistics like galaxy bias and the galaxy pairwise velocity
distribution. For the cosmologies we tested so far, we concluded
that galaxy properties alone are usually inef�cient to constrain cos-
mological models beyond �CDM, but whenever they are combined
with suitable information on the underlying dark matter (DM) dis-
tribution, it is possible to devise statistical tests able to disentangle
these alternative cosmological scenarios from the standard model
and among themselves. This is the fourth paper on our series: we al-
ready considered early DE (Fontanot et al. 2012b, hereafter Paper I),
f(R)�gravity (Fontanot et al. 2013, hereafter Paper II) and massive
neutrino cosmologies (Fontanot et al. 2015, hereafter Paper III). In
this work, we consider a new class of cosmologies, namely the so-
called coupled DE models (cDE hereafter, see e.g. Wetterich 1995;
Amendola 2000), which are based on the dynamical evolution of
a classical scalar �eld � that plays the role of DE, and interacts
directly with the cold dark matter (CDM) �uid. As a consequence
of the exchange of energy and momentum during cosmic evolution,
the DE scalar �eld thus mediates a ��fth-force� between DM parti-
cles, leading to a modi�cation of the gravitational growth process
(both at linear and non-linear scales) and to a different evolution of
cosmic large-scale structure. N-body simulations of cDE cosmolo-
gies have been performed by various groups in the last decade (see
e.g. Macci‘o et al. 2004; Baldi et al. 2010; Li & Barrow 2011; Carlesi
et al. 2014a; Penzo et al. 2015) and represent now a robust tool to
investigate DE interactions in the non-linear regime. The particular
imprints of this class of models have been studied in detail by Baldi
(2012b) using a suite of N-body and hydrodynamical simulations
(the CODECS project1), focusing on the degeneracy of DE coupling
with other cosmological parameters (like the normalization of the
matter power spectrum � 8) and on the gravitational bias, i.e. the

1 The simulations data of the CODECS project are publicly available at
http://www.marcobaldi.it/CoDECS.

offset between the density �uctuations in CDM and in the baryonic
components (leading to different baryon fraction at cluster scales).

This paper is organized as follows. In Section 2, we introduce
the cosmological numerical simulations and SAMs we use in our
analysis. We present the predicted galaxy properties and compare
them among different cosmologies in Section 3. Finally, we discuss
our conclusions in Section 4.

2 MODELS

2.1 cDE cosmologies

In this work, we consider a set of �at cosmological models including
CDM, baryons, radiation and a DE scalar �eld �. Among the range
of models included in the CODECS project we focus on two different
choices for the scalar �eld potential. We �rst consider an exponential
potential (Wetterich 1988, the EXP003 model in Baldi 2012b)

V (�) = A�e���, (1)

which is characterized by stable scaling solutions for the scalar
�eld independently from initial conditions. In particular, in cDE
scenarios, such a potential provides a transient early DE solution
and a late time accelerated attractor (see e.g. Amendola 2004).
We also consider a SUGRA potential (Brax & Martin 1999, the
SUGRA003 model in Baldi 2012b)

V (�) = A���e��2/2, (2)

which is typical of supersymmetric theories of gravity and implies a
�bounce� of the DE equation of state w at the cosmological �barrier�
w = �1 (see e.g. Baldi 2012a). This feature has relevant implica-
tions for the expected number density evolution of DM haloes, as
well as for the evolution of the cosmological Hubble function and
growth factor (see Baldi 2012b, for more details).

The evolution of the main cosmological components is described
by a set of dynamical equations including the interaction between
the scalar �eld and CDM particles (i.e. the right-hand side of equa-
tions 3 and 4):

¤� + 3H �� +
dV
d�

=
�

16�G
3

�(�)�c (3)

��c + 3H�c = �
�

16�G
3

�(�)�c ��, (4)

where �c represents the density of CDM particles and an overdot
denotes the (cosmic) time derivative. In the cDE models consid-
ered in this work, the coupling function �(�), which controls the
interaction strength,2 is assumed to be constant. As baryons and
radiations are always uncoupled from � their evolution follows the
usual relations �b � a�3 and �r � a�4, respectively.

At the level of linear perturbations, the interaction determines a
modi�cation of the growth rate due to the presence of a �fth-force
with a strength 4�2/3 times the standard gravitational accelera-
tion acting between CDM particles, and to an additional velocity-
dependent acceleration proportional to ���. These effective mod-
i�cations of the standard gravitational evolution affect also the
non-linear dynamics of collapsed structures. For a more detailed

2 In particular, the sign of ���(�) is related to the energy-momentum �ow
between the two components, such as negative (positive) values of this
quantity correspond to a transfer from DE to CDM (from CDM to DE) and
to an increase (decrease) of the DM particle mass.
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