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ABSTRACT
We used a suite of numerical cosmological simulations in order to investigate the effect of
gas cooling and star formation on the large scale matter distribution. The simulations follow
the formation of cosmic structures in five different Dark Energy models: the fiducialΛCDM
cosmology and four models where the Dark Energy density is allowed to have a non-trivial
redshift evolution. Each simulation includes a variety of gas physics, ranging from radiative
cooling to heating and supernovae feedback. Moreover, for each cosmology we have a control
run with dark matter only, in order to allow a direct assessment of the effect of baryonic
processes. We found that the power spectra of gas and stars, as well as the total matter power
spectrum, are in qualitative agreement with the results of previous works in the framework
of the fiducial model, although several quantitative differences exist. We used the physically
motivated halo model in order to investigate the backreaction of gas and stars on the dark
matter distribution, finding that it is very well reproducedby simply increasing the average
dark matter halo concentration by 17%, irrespective of the mass. This is in agreement with
gas cooling dragging dark matter in the very center of halos,as well as adiabatic contraction
steepening the relative potential wells. Moving to model universes dominated by dynamical
Dark Energy, it turns out that they introduce a specific signature on the power spectra of
the various matter components, that is qualitatively independent of the exact cosmology
considered. This generic shape is well captured by the halo model if we blindly consider
the cosmology dependences of the halo mass function, bias, and concentration. However,
the details of the dark matter power spectrum can be precisely captured only at the cost of
a few slight modifications to the ingredients entering in thehalo model. The backreaction
of baryons onto the dark matter distribution works pretty much in the same way as in the
referenceΛCDM model, in the sense that it is very well described by an increment in
the average halo concentration. Nonetheless, this increment is less pronounced than in the
fiducial model (only∼ 10%), in agreement with a series of other clues pointing toward the
fact that star formation is less efficient when Dark Energy displays a dynamical evolution.

Key words: cosmology: theory− cosmological parameters− large scale structure of
the Universe

1 INTRODUCTION

Many independent cosmological experiments point nowadaysto-
ward a concordance cosmological model in which gas and stars,
that is standard baryonic matter, constitute only a few percent of
the total energy budget of the Universe. The bulk of this budget
is subdivided between a non-baryonic Cold Dark Matter (CDM)
component, which decide the dynamics of cosmic structures,and a
smooth Dark Energy (DE) component, that affects only the global
geometry and expansion rate of the Universe, particularly being
responsible for its recent accelerated expansion phase (Riess et al.
1998; Perlmutter et al. 1999; Tegmark et al. 2006; Komatsu etal.
2011; Sullivan et al. 2011). The vast majority of cosmological tests
are in agreement with a constant DE density (dubbed cosmological
constant and indicated withΛ), hence the standard cosmology is

usually labeled asΛCDM. Despite its striking observational suc-
cess, a cosmological constant is largely unappealing from the theo-
retical point of view, for a variety of reasons that range from quan-
tum gravity considerations to fine tuning and coincidence problems
(Carroll, Press, & Turner 1992; Peebles & Ratra 2003).

This fact triggered an enormous amount of work in the past
two decades, aimed at finding alternative explanations for the
observed geometry and accelerated expansion of the Universe
without a cosmological constant. One such alternative consists
in considering DE as the energy density of a scalar field (the
quintessence) that slowly rolls down a potential well (Wetterich
1995; Hebecker & Wetterich 2001). This approach would solve
many of the theoretical problems of a cosmological constant, how-
ever infinitely many such models can be devised, depending onthe
shape of the scalar field potential and on the nature of its coupling to

http://arxiv.org/abs/1106.3987v1


2 C. Fedeli et al.

gravity and matter. As it turns out, having a quintessence model that
reproduces the recent accelerated expansion of the Universe within
experimental errors is relatively easy, therefore signature distinc-
tive of quintessence models should be mainly searched for inthe
formation of cosmological structures.

For the standardΛCDM cosmology, the formation of dark
matter structures is relatively well understood, thanks toboth the
linear perturbation theory and numerical cosmological simulations.
The latter are of particular importance, in that they allow to follow
the complete growth of structures in the deep non-linear regime,
for which semi-analytic methods are unsuited. The reason for this
relative success resides in the fact that dark matter is assumed to
respond only to gravity, which is very simple to be modeled. On
the contrary, gas physics is extremely more complicated, includ-
ing a plethora of non-gravitational phenomena such as preheat-
ing, radiative and metal line cooling, star formation, energy feed-
back, etc. Many of these processes are active on scales too small
to be resolved by current cosmological simulations, thus requiring
the adoption of semi-analytic models in order to describe sub-grid
physics. Despite being subdominant with respect to dark matter,
baryonic matter can have a substantial impact on the distribution of
material at small scales (see, e.g., Puchwein et al. 2005), and hence
needs to be taken into account when formulating predictionsfor
future high precision cosmological tests.

As mentioned above, given the relevance of the DE problem
for modern cosmology, it is important to understand in detail how
the entire process of structure formation in quintessence models
differs from the case of a mere cosmological constant. This is-
sue has been addressed several times in the past with the use of
numerical simulations (Dolag et al. 2004; Bartelmann et al.2005;
Grossi & Springel 2009), however the focus has always been more
on the properties of dark matter structures (abundance, distribution,
internal features, etc.) rather than the large scale matterdistribution
in general. In addition, almost none of these works includedstan-
dard baryonic matter in the problem. Changes in the properties of
dark matter structures are expected to affect baryonic processes,
which depend substantially on the environment and on the inter-
play between the cooling timescale and the dynamical timescale
for structure collapse. At the same time, baryons are expected to
provide some kind of backreaction on the dark and total matter dis-
tributions, which would also depend on the background expansion
history of the Universe.

In this paper we thus explored in detail the co-evolution of
baryons and dark matter in cosmologies with dynamical DE. We
made use of the power spectra of the various matter components, as
measured in a suite of hydro-cosmological simulations. Thepower
spectrum includes a wealth of information about the matter den-
sity field, and it is the main subject of actual measurements such
as cosmological weak lensing. The simulations we used are larger
than many, if not all, simulations used before for similar studies,
including the mere study of baryons in the concordanceΛCDM
cosmology. As a consequence, they are less affected by finitevol-
ume effects. Large scale structure formation was evolved infive
DE cosmologies, namely a fiducialΛCDM model, two standard
quintessence models and two extended quintessence models.This
allowed us to explore differences and regularities amongstmodels
with substantially different redshift evolutions of the DEequation
of state parameter.

In this work we focused exclusively on the simulation snap-
shots atz = 0. As will be seen, our set of results is already signifi-
cantly dense in that case, thus we believe that a study of the redshift
evolution of the matter power spectra would be better suitedfor a

stand-alone effort. The rest of this work is organized as follows.
In Section 2 we summarize the current state of knowledge about
how the matter correlation function is affected by gas physics on
one hand, and by a background dominated by dynamical DE on the
other. This will help to set the stage for what follows, and tobetter
motivate our work. In Section 3 we describe the five DE models (a
fiducial ΛCDM and four dynamical DE) that have been explored
in this work, and in Section 4 we give some details about the simu-
lations employed. In Section 5 we describe the halo model, a flex-
ible and physically motivated recipe for computing the darkmat-
ter power spectrum that we subsequently used for interpreting our
findings. In Section 6 we present our results, while in Section 7 we
summarize our conclusions.

2 PREVIOUS STUDIES

In this Section we summarized the results of previous studies in
the field that we are investigating, in order to better highlight the
elements of novelty present in our analysis.

2.1 Gas physics

The study of the effect of baryons on the large scale matter dis-
tribution in a ΛCDM cosmology dates back at least to White
(2004) and Zhan & Knox (2004). In the first paper, the author es-
timated the changes in the total matter power spectrum due to
cooling mechanisms that would lead the gas to concentrate inthe
very center of dark matter halos, thus dragging along dark matter
due to the steepened potential wells. This would lead to an effec-
tive increase in the concentration of cosmic structures, translating
into an increase in the matter correlation amplitude atk & 5 h
Mpc−1. White (2004) used a simple model of adiabatic contraction
(Blumenthal et al. 1986; Kochanek & White 2001) in combination
with the halo model (see Section 5 below) in order to replicate this
effect, and estimated an increase in total matter power compared
to the dark-matter only case of∼ 5 − 20% atk & 10 h Mpc−1,
depending on the values of his model parameters. Zhan & Knox
(2004) also employed the halo model, suitably modified in order
to include the baryonic contribution to the density distribution of
cosmic structures. In this case the authors ignored the baryons that
cool down and condense at the center of dark matter halos, while
focusing on the hot diffuse baryons, hence finding a decrement of
the total matter power spectrum as compared to the dark-matter
only power spectrum.

Numerical simulations of structure formation have been self-
consistently used in order to investigate this issue for thefirst time
by Jing et al. (2006). Their simulations included radiativecooling,
star formation, and supernovae feedback. The authors foundthat
the total matter power spectrum was suppressed with respectto the
dark-matter only case at intermediate scales (k ∼ 1−2 h Mpc−1) by
a few percent, and then very much increased at very small scales
(k & 10 h Mpc−1). This result can be seen as a combination of the
effects of cooling baryons described by White (2004) and of hot
baryons described by Zhan & Knox (2004). Moreover, they were
able to study the backreaction of baryons on the dark matter power
spectrum, showing that the latter is enhanced at intermediate/small
scales with respect to the dark-matter only case, e.g., by∼ 10% at
k ∼ 10 h Mpc−1

Subsequently, Rudd, Zentner, & Kravtsov (2008) performed
an analysis similar to the one of Jing et al. (2006), also including
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gas cooling, star formation, and supernovae feedback in their sim-
ulations. They found results in qualitative agreement withthose of
Jing et al. (2006), although several noticeable quantitative differ-
ences exist. Most remarkably, the raise in the clustering strength of
the dark matter and total matter at small scales, as comparedto the
dark-matter only spectrum, is much more enhanced, leading to a
∼ 50− 70% increase atk ∼ 10h Mpc−1. The authors attribute this
difference to the different implementation of gas physics and to fi-
nite volume effects, their simulation box being rather small (only
60h−1 Mpc on a side).

By looking for a physical interpretation of the small scale
enhancement in the dark matter and total matter power spectra,
Rudd, Zentner, & Kravtsov (2008) noted that dark matter halos
tend to be∼ 10−20% more concentrated when gas cooling and star
formation are included, in a way that is not very much dependent
on the mass. Also, the concentration of the total matter distribution
inside cosmic structures tends to increase more dramatically, and
more so for smaller mass halos, where gas cooling is expectedto be
more efficient. Hence, motivated by the halo model, they corrected
the dark-matter only power spectrum by the Fourier transform of a
representative dark matter halo density profile having concentration
augmented by∼ 70%. They found that this correction reproduces
fairly well the total matter power spectrum measured in their sim-
ulations. The halo model interpretation of the effect of baryonic
physics was also later resumed by Zentner, Rudd, & Hu (2008),
that forecasted the constraints given by tomographic weak lensing
on the mass-concentration relation of cosmic structures including
gas cooling.

More recently, Guillet, Teyssier, & Colombi (2010) per-
formed yet another similar study by using an even smaller simula-
tion box (50h−1 Mpc on a side), and including radiative and metal
line cooling, UV background, and star formation with subsequent
supernovae feedback. They found as well a substantial increase in
the total matter clustering strength fork & 10h Mpc−1, indeed even
larger than the one found by Rudd, Zentner, & Kravtsov (2008).
In order to mimick this, they not only increased the concentration
of dark matter halos, but also included an additional component
to the halo model, representing the central baryon condensation.
Interestingly enough, both Rudd, Zentner, & Kravtsov (2008) and
Guillet, Teyssier, & Colombi (2010) did not find the suppression in
power of the total matter at intermediate scales that was found in-
stead by Jing et al. (2006).

Finally, van Daalen et al. (2011) performed a similar study
based on numerical simulations, introducing (for the first
time) the effect of energy feedback from Active Galactic Nu-
clei (AGN henceforth) to the physics implemented by ear-
lier simulations. First of all, they found a percent level de-
crease in the clustering amplitude of total matter at interme-
diate scales, and a subsequent increase at small scales, like
Jing et al. (2006) and unlike Rudd, Zentner, & Kravtsov (2008)
and Guillet, Teyssier, & Colombi (2010). They also found that the
decrement is much enhanced by AGN feedback, since more gas
is pushed to large scales, and since star formation is suppressed,
the increase at small scales is also suppressed. Finally, similarly to
Jing et al. (2006), they studied the backreaction of gas ontodark
matter finding, in the absence of AGN feedback, a monotonic in-
crease in the dark matter clustering amplitude, up to∼ 10% at
k ∼ 10 h Mpc−1.

A study of the impact of baryonic physics on the matter power
spectrum was also presented in Casarini et al. (2011). They did
not find any reduction in the total matter correlation strength at
intermediate scales, contrary to Jing et al. (2006). Moreover, the

increase at small scales of the total matter power spectrum was
∼ 40% atk ∼ 10 h Mpc−1, intermediate between the results of
Jing et al. (2006) and those of Rudd, Zentner, & Kravtsov (2008);
Guillet, Teyssier, & Colombi (2010).

2.2 Dynamical DE

One of the most recent studies concerning how a quintessence-
dominated background affects the large scale matter distribution
in the Universe is the already mentioned Casarini et al. (2011).
There the authors studied the matter power spectra in dynamical DE
cosmologies, employing previous results (Linder & White 2005;
Francis, Lewis, & Linder 2007; Casarini, Macciò, & Bonometto
2009). Namely, the non-linear matter power spectrum in a cos-
mological model with dynamical evolution of DE can be obtained
from the non-linear matter power spectrum of a model with a con-
stantw (although depending on the redshift of interest). This phe-
nomenological recipe gives results that are accurate at better than
∼ 1%, for the dynamical DE models where it has been tested. The
authors found that in a cosmological model where the DE equa-
tion of state parameter evolves according to the simple recipe of
Chevallier & Polarski (2001), the gas power spectrum is increased
at all scales, especially at very small scales,k ∼ 10 h Mpc−1. The
dark-matter only spectrum is also increased at all scales, although
to a lesser extent, and the total matter power spectrum is slightly
increased at intermediate scales (∼ a few h Mpc−1) and slightly
decreased at small scales. Unfortunately, the authors do not go to
a great length in discussing the physical interpretation oftheir re-
sults, being mainly interested in showing that their phenomenolog-
ical recipe works also with baryonic matter components.

Earlier efforts performed in order to understand the impact
of a time varying equation of state parameter for DE (we ex-
clude the studies dealing only with a constantw, or where the
quintessence field is coupled to matter) on the large scale matter
distribution never included the effects of baryons, and date back to
Klypin et al. (2003). They used the Ratra & Peebles (1988) stan-
dard quintessence model (see Section 3 below) with aσ8 matching
the value for the fiducialΛCDM cosmology, finding a substantial
increase in power at scalesk & 5 h Mpc−1, especially at high red-
shift.

More recently, Ma (2007) performed additionaln−body simu-
lations using several different recipes forw(z), including the simple
parametrization of Chevallier & Polarski (2001). She finds qualita-
tively different results from Klypin et al. (2003), in that the ratio
of the dark matter power spectrum to its counterpart in the fidu-
cialΛCDM cosmology has a depression at mildly non-linear scales
k ∼ 0.5− 1 h Mpc−1 and a subsequent increase at small scales. The
difference with respect to the previous work might possiblyreside
in the fact that she lets the power spectrum normalizationσ8 be
lower in the various DE models, in order to compensate for theen-
hanced growth factor. As a matter of fact, when the author imposes
the linear matter power spectrum atz = 0 to be the same as in the
fiducialΛCDM cosmology, her results are in more agreement with
those of Klypin et al. (2003).

Finally, in the aforementioned Francis, Lewis, & Linder
(2007) the authors used again the same Chevallier & Polarski
(2001) parametrization of the DE equation of state parameter and,
matching theσ8 and the angular diameter distance to the last-
scattering surface found a sub-percent level deviation from the fidu-
cial ΛCDM case at intermediate scalesk ∼ 3 h Mpc−1 andz = 0.
These results are dissimilar from Ma (2007), and more in accor-
dance, at least qualitatively, with Klypin et al. (2003). The quanti-



4 C. Fedeli et al.

tative differences with respect to the latter can be ascribed to the
differentw(z) that have been used.

In summary, the effect of baryonic physics on the large scale
matter distribution has been studied in several works, employing
both numerical simulations and semi-analytic modeling. The re-
sults broadly agree at the qualitative level, however they display
substantial quantitative differences. Our simulations, described in
Section 4, have a better mass resolution and/or a larger box size
than many of the works detailed above. As a consequence, they
are less prone to finite volume effects, and can better resolve small
scale physics such as the star formation process. This can beuseful
in solving, e.g., the ambiguity about the slight drop at intermediate
scales in the total matter power spectrum. The impact of dynam-
ical DE on structure formation is much less established. First of
all, many studies used the very simple parametrization forw(z) of
Chevallier & Polarski (2001), which is not physically satisfactory
since it produces an infinite DE density at high redshift unless the
DE itself crosses the phantom barrier. Second, the results depend
substantially on how the other cosmological parameters areset. For
instance dynamical DE models with the sameσ8 as the fiducial
ΛCDM cosmology are likely to spoil the amplitude of the CMB
fluctuations (Francis, Lewis, & Linder 2007). In the presentwork
we used a set of physically motivated quintessence cosmologies
with substantially different growth histories (De Boni et al. 2010).
In all cases theσ8 value was adjusted so that the CMB fluctuations
amplitude is conserved at the value measured by WMAP. Finally,
and most importantly, in this paper we studied precisely theco-
evolution of dark matter and baryons in dynamical DE cosmolo-
gies, a goal that has never been accomplished at this level ofdetail
and with such an accurate modeling of the gas physics.

3 COSMOLOGICAL MODELS

The simulations we investigated in this work span a wide range
of flat DE cosmologies. As a reference fiducial model we adopted
the standardΛCDM model, with parameters in agreement with the
WMAP−3 years data release (Spergel et al. 2007). Accordingly,
the matter density parameter isΩm,0 = 0.268, the dark energy den-
sity parameter isΩΛ,0 = 1 − Ωm,0, and the baryon density param-
eter isΩb,0 = 0.044. The Hubble constant readsH0 = h100 km
s−1 Mpc−1, with h = 0.704. Finally, the primordial power spec-
trum normalization is set byσ8 = 0.776, while its slope is fixed
to nS = 0.947. In what follows, quantities related to this fiducial
model will always be labeled by the suffix F. The main difference
between the cosmological interpretation of the WMAP−3 year data
release and those of subsequent releases is in the value of the power
spectrum normalization, which tends to be relatively larger for the
latter as compared to the former. However we note that the value of
σ8 adopted here is compatible at 68% Confidence Level with the
value extracted from the latest WMAP−7 release (Komatsu et al.
2011).

We then considered four different models involving a dynam-
ical evolution of the DE component. For all these models the cos-
mological parameters are the same as in the fiducial scenario, ex-
cept forσ8 that was rescaled in a way such that the linear mat-
ter power spectrum is always CMB-normalized. Specifically,if
D+(z) is the linear growth factor of a specific cosmology, and
g(z) ≡ (1+ z)D+(z), then

σ8 = σ8,F
gF(zCMB)
g(zCMB)

, (1)

wherezCMB = 1089. It is important to note that, since the growth
factor in quintessence cosmologies is always larger than its fiducial
counterpart (see De Boni et al. 2010), the power spectrum normal-
ization will always be such thatσ8 < σ8,F.

We now proceed to present in more detail the four dynami-
cal DE cosmologies that we investigated. The first two are standard
quintessence models, in which the DE is just the energy density as-
sociated with a minimally coupled scalar field rolling down some
potential (Ratra & Peebles 1988; Wetterich 1988). The othertwo
instead arise from a non-minimal coupling of the scalar fieldwith
gravity, giving effectively origin to the so-called scalar-tensor grav-
ity theories. In what follows we briefly describe both pairs of mod-
els separately.

3.1 Standard quintessence

In standard quintessence models the evolution of the scalarfield
ϕ whose energy density represents DE is governed by the Klein-
Gordon equation (we work in natural units,c = ~ = 1 unless other-
wise noted)

ϕ̈ + 3Hϕ̇ +
dV
dϕ
= 0, (2)

which is a direct consequence of the Friedmann equations. InEq.
(2) a dot denotes derivative with respect to cosmic time, while V(ϕ)
is the potential of the scalar field.

As can be seen, the evolution of the scalar fieldϕ, is deter-
mined by the expansion rate of the Universe, which in turn depends
on its whole matter-energy content, and by the effective potential of
the scalar field. The two standard quintessence models considered
in this work arise from two different choices for the dependence
of V on ϕ. In the first case a power-law dependence is adopted,
according to which

V(ϕ) = λ4+α 1
ϕα

(3)

(Ratra & Peebles 1988), where bothλ andα > 0 are free parame-
ters. This model will be labeled as RP in the remainder of thiswork.
The second model arises from a generalization of the RP potential,
suggested by supergravity considerations (Brax & Martin 2000). In
this case the potential reads

V(ϕ) = λ4+α 1
ϕα

exp
(

4πGϕ2
)

, (4)

and will be labeled as SUGRA henceforth.

3.2 Scalar-tensor theories

For the second class of models the scalar fieldϕ is coupled non-
minimally with gravity, giving rise to an effective scalar-tensor
gravity theory. We call these modelsextended quintessencemodels.
In order to be more specific, a new functionf (ϕ,R) is to be intro-
duced in the gravity action, which describes the coupling between
the quintessence scalar field and the Ricci scalarR. In the extended
quintessence cosmologies considered in this paper, we assume that
the coupling function can be factorized as

f (ϕ,R) = R
[

1+ 8πG∗ξ
(

ϕ2
− ϕ2

0

)]

. (5)

In the previous equation,G∗ is a ’bare’ gravitational constant, that
is in general different from Newton constantG and it is set in order
to match local constraints on General Relativity.
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The strength of the coupling is defined by the parameter
ξ. Particularly, in this paper we have considered two extended
quintessence models, one withξ < 0 (specificallyξ = −0.072, EQn
henceforth), and one withξ > 0 (ξ = +0.085, EQp). The potential
of the scalar field, although not the only source term of the resulting
Klein-Gordon equation, needs to be specified in this case as well.
Here, we adopted the RP power-law potential described above. It
is worth noticing that, while the ’bare’ gravitational constantG∗ is
a constant of the theory, the effective gravitational constant that is
experienced by particles in the simulation is a function of cosmic
time. Specifically, it converges toG∗ at z = 0 and approaches a
constant value larger (smaller) thanG∗ at high redshift for positive
(negative)ξ.

4 NUMERICAL SIMULATIONS

The numerical simulations are fully described in De Boni et al.
(2010). Here we just recall the main features, referring the
interested reader to that work for further details. The evo-
lution of the large-scale matter distribution in the various
DE cosmologies was simulated by using the GADGET-3 code
(Springel, Yoshida, & White 2001; Springel et al. 2005). This code
allows to simulate the evolution of both the dark matter and the gas
component, making use of the entropy conserving formulation of
SPH (Springel & Hernquist 2002). The code was suitably modified
in order to allow for an arbitrary time evolution of the DE equation
of state (see for instance Dolag et al. 2004), and also for an arbi-
trary time evolution of the effective gravitational constant, needed
for the extended quintessence models.

The baryonic physics implemented in the simulations includes
radiative cooling, heating by an uniform redshift-dependent UV
background (Haardt & Madau 1996), and star formation and feed-
back. The latter requires sub-grid modeling of the multi-phase Inter
Stellar Medium (ISM), with the cold phase providing the reservoir
for the star formation, and the hot phase being fueled by supernovae
heating. The latter provides also evaporation of some cold clouds,
thereby leading to a self-regulation of the star formation process.

Each simulation has a comoving box side measuringL =
300h−1 Mpc and follows the evolution of 7683 dark matter particles
and an equal number of gas particles. The mass of each dark matter
particle is 3.7 × 109M⊙h−1, while that of each gas particle equals
7.3× 108M⊙h−1. As in Dolag et al. (2004), the initial redshift is not
the same for each simulation, rather for each DE cosmology itis
rescaled in order to conserve the linear growth factor at theinitial
redshift in the fiducialΛCDM simulation. Accordingly, all simu-
lations start from the same random phases, but with amplitude of
the initial fluctuations rescaled to satisfy the CMB constraints. For
every cosmological model, a dark-matter only control simulation
was ran, providing the reference for the effect of gas physics. In the
control runs the number of dark matter particles is 7683, each one
having a mass of 4.4 × 109M⊙h−1. In the following, we will often
refer to the dark matter power spectrum in a control run as simply
dark-matter only power spectrum.

The power spectra of each matter component in each simu-
lation were computed by projecting the matter distributions on a
regular grid constituted byn = 960 grid points on a side, and then
using discrete Fourier transforms. The Nyquist frequency corre-
sponds therefore tokN = (n − 1) π/L ∼ 10h Mpc−1, meaning that
the matter distribution is not sufficiently sampled (and hence was
not considered in our analysis) on scalesk & kN.

5 THE HALO MODEL

In the course of our analysis we wanted to have a semi-analytic pre-
scription for computing the dark matter power spectrum, in order
to physically interpret our results. While fits to numerically sim-
ulated matter power spectra (Peacock & Dodds 1994; Smith et al.
2003) are widely used, they have two drawbacks for our pur-
poses. First, they do not really have a physical foundation (although
the Smith et al. 2003 prescription uses some elements of the halo
model, it is ultimately only a fit), thus they are not useful when try-
ing to interpret our results in a physical framework. Second, these
fits have been matched against simulations containing dark mat-
ter only and in aΛCDM background. Since they lack a physical
motivation, there is no telling what is their range of validity for al-
ternative cosmologies (see however Ma 2007), or even for scales
outside the range probed by those simulations. As a consequence,
we adopted the physically motivated halo model.

The halo model (Ma & Fry 2000; Seljak 2000;
Cooray & Sheth 2002) is a physically motivated framework
for describing the large scale matter distribution. It is based on
the assumption that each matter particle in the Universe is locked
inside halos of some mass. If this is true, then the correlation
function of matter particles is given by the sum of two contribu-
tions. The first one is the contribution of particle pairs belonging
to the same halo, and dominates on small scales. The second one
is the contribution of particle pairs residing in separatedhalos, and
dominates on large scales. It is natural to expect that, while the
2−halo term depends on the bias of dark matter halos, the 1−halo
term is more dominated by the internal structure of individual
halos. For details on the implementation of the halo model we
refer the interested reader to Fedeli & Moscardini (2010) and
references therein. Here we just want to stress the particular
importance of the relation between mass and average concentration
of cosmic structures. In the present work we adopted an empirical
relation that reproduces well the power spectrum fits to numerical
simulations (Peacock & Dodds 1994; Smith et al. 2003) for the
ΛCDM cosmology, that is

c(M, z) =
c0

1+ z

[

M
M∗(z)

]β

, (6)

wherec0 = 10 andβ = −0.15. In the previous equationM∗(z) is
the typical collapsing mass at a given redshift, and it is theonly
cosmology-dependent quantity that enters the concentration-mass
relation. This means that when we applied the halo model to cos-
mologies with dynamical DE, the concentration-mass relation for
dark matter halos was modified only throughM∗(z). We also ob-
serve that the concentration of halos with a given mass decreases
faster with redshift according to Eq. (6) than the∝ (1+z)−1 behavior
found by, e.g., Bullock et al. (2001) or Eke, Navarro, & Steinmetz
(2001). This kind of issue has been already noted and studiedin
detail by Huffenberger & Seljak (2003).

Before proceeding we would like to stress a subtlety of our ap-
proach. In the present work we tried to fit ratios between simulated
power spectra with ratios between outcomes of the halo model. Al-
though the halo model by itself gives a good description of the true
matter power spectrum, it cannot be expected to be precise atthe
percent level, as are the effects that we are considering here. This
is due to the many obvious approximations and simplifications that
are introduced in the model. Besides, the prescriptions forthe mass
function of dark matter halos and their linear bias (that aretwo
ingredients of the halo model) can be considered accurate only at
the∼ 10% level at best. However, by considering only ratios we are
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presumably canceling out these discrepancies, thus highlighting the
true physical effects.

6 RESULTS

We now proceed to present our results. We treat at first the effect
of baryonic physics in the fiducialΛCDM cosmology, in order to
compare our results with those of previous works in the field.Then
we move on to consider the effect of a dynamical DE evolution
on each matter component of the simulations, including bothdark
matter and baryons. Subsequently we explore the impact of bary-
onic physics on the dark matter distribution in each quintessence
cosmology, and we conclude by exploring the behavior of the total
matter power spectrum in these models.

In what follows, we shall always refer to the dimensionless
power∆2(k, z), defined as

∆
2(k, z) =

k3P(k, z)
2π2

. (7)

The dimensionless power is basically the contribution to the mass
variance given by logarithmic intervals in wavenumber. As men-
tioned, in many circumnstances we have shown ratios of powers,
thus rendering the distinction between the dimensionless power and
the power spectrum irrelevant.

6.1 Impact of gas physics in the ΛCDM cosmology

We first turn attention to the power spectrum of the various matter
components in theΛCDM simulation. For definiteness, in Figure 1
we show thez = 0 dark-matter only power for the fiducialΛCDM
cosmology control run, as well as dimensionless powers for the
different matter components in the full simulation.

The most evident fact about this Figure is the large discrep-
ancy between the power spectrum of the stars and that of the other
matter components. This difference is expected, since stars tend to
form inside dark matter halos, that are biased tracers of theun-
derlying smooth density field. Therefore stars are more clustered
together compared with dark matter or gas particles. A similar be-
havior for the correlation function of stars in numerical simulations
has been found, e.g., in Jing et al. (2006) (see Section 2 above).

Next, we consider the behavior of gas. As can be seen by look-
ing at Figure 1, the gas traces quite well the dark matter distribu-
tion at large scales, with only very little (and smaller thanunity)
bias. However, as the scales become more and more non-linear, the
clustering strength of gas particles becomes smaller and smaller as
compared to that of dark matter. This behavior is due to a combi-
nation of star formation and hot gas pressure. Specifically,part of
the gas tends to cool down and transform into stars in the cores of
dark matter halos, implying a depletion at relatively smallscales. At
the same time, shock heating and gas pressure prevent the hotgas
component to have small scale clustering. Again, similar qualita-
tive conclusions have been reached previously by Jing et al.(2006),
Rudd, Zentner, & Kravtsov (2008), and van Daalen et al. (2011).

The Figure 1 also allows us to understand what happen to the
dark matter component upon inclusion of the gas physics, that is
the backreaction of gas upon dark matter, which is a central fo-
cus of this work. As can be seen, the dark matter indeed gains a
little bit of clustering strength at small scales. This can be inter-
preted in the following way: while the gas cools and concentrates
in the very center of dark matter halos, the dark matter particles

Figure 1. The dimensionless powers of dark matter, gas, and stars in the
fiducialΛCDM cosmology. The black solid line refers to the dark matter-
only simulation, while the other line types refer to the various matter com-
ponents in the full simulation. We did not plot the total dimensionless power
since on these scales it basically overlaps with the dark matter one. All
curves refer toz= 0.

are also pulled closer to the halo centers. Moreover, adiabatic con-
traction due to gas radiative losses also contributes to make dark
matter halos more concentrated. Overall, dark matter particles in-
side individual structures tend hence to be more strongly clustered.
The same qualitative effect has been found by Jing et al. (2006) and
van Daalen et al. (2011). We can further investigate this important
issue by plotting the ratio of the various spectra to the dark-matter
only spectrum. This is done in Figure 2.

In this Figure we did not show the stellar power spectrum,
since it would be way out of scale. On the other hand, we added
the total matter power spectrum, that in Figure 1 would be too
similar to the dark matter one to be visible. In this plot we can
better appreciate the different behavior of the gas component as
compared to the dark matter one. Particularly, the clustering am-
plitude of the former is suppressed by up to a factor of∼ 2.5 in
comparison to the latter at scalesk . 10h Mpc−1. In several previ-
ous works (Rudd, Zentner, & Kravtsov 2008; Casarini et al. 2011;
van Daalen et al. 2011) it can be seen that the gas power spectrum
has the tendency to catch up on the dark matter-only spectrumat
scalesk ∼ 10 h Mpc−1 or smaller. We do not see trace of this be-
havior in our plot, although it is possible to happen at scales below
the smallest ones probed by our runs. We attribute this discrepancy
to the differences in the implementation of gas physics. Finally, as
noted by Rudd, Zentner, & Kravtsov (2008), the large scale smaller
than unity bias of the gas component with respect to the dark matter
component is likely due to the fact that low mass dark matter halos
(that are less biased with respect to the large scale matter distri-
bution) contain a larger gas fraction as compared to the highmass
(and more clustered) structures.

Let us now focus on the modification to the dark matter power
spectrum due to the inclusion of gas physics, that is the backre-
action. As can be seen from Figure 2, the dark matter power is
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Figure 2. The ratio between the power spectra of the various matter com-
ponents in the full simulation (as labeled in the plot) for the fiducialΛCDM
cosmology and the matter power spectrum for the dark-matteronly con-
trol run. The yellow circles represent the halo model predicted dark matter
power spectrum obtained by increasing the average structure concentration
according to the recipe detailed in the text, normalized by the original halo
model spectrum. All quantities refer toz= 0.

correspondingly enhanced by up to a factor of∼ 15 − 20% at
the smallest scales probed by the simulations. This is somewhat
larger than what is found by Jing et al. (2006) and van Daalen et al.
(2011) (∼ 10%), and at the same time smaller than the results of
Casarini et al. (2011) (∼ 40− 50%). Again, these differences can
be explained in the different details of gas physics implementation
that, as shown by van Daalen et al. (2011) can have a large impact.
In Figure 2 we also plot the dark matter power spectrum evaluated
through the halo model by assuming a higher average concentra-
tion of dark matter halos, normalized by the regular halo model
output. More specifically, we modified the concentration of ahalo
with given mass and redshift according tocF(M, z) = f cF,0(M, z),
where f = 1.17. As can be seen, this very simple recipe accounts
very well for the effect observed in the simulations, and thedevia-
tions between the halo model prediction and the simulation results
are. 1% at all scales probed by the latter (. 10h Mpc−1).

Realistically, one might expect the effect of baryonic physics
to act differently on dark matter halos of different masses,with less
massive halos being more affected as compared to more massive
structures. Nevertheless, simply changing the concentration of all
halos of the same amount irrespective of the mass is much sim-
pler and, as can be seen, works remarkably well. The modifica-
tion to the halo model described above matches also fairly well the
total matter power spectrum, represented by the cyan line inFig-
ure 2, with maximum deviations being of the order of 3− 4%. As
a matter of fact in Rudd, Zentner, & Kravtsov (2008), the authors
used halo model considerations and increased the concentration of
structures in order to reproduce the total matter power spectrum.
In Guillet, Teyssier, & Colombi (2010) the authors did the same by
also including a model for the distribution of stars in the very center
of dark matter halos. Both works managed to reproduce the ratio of

the total matter power spectrum to the dark-matter only power spec-
trum with an accuracy of∼ 5% or worse, and deemed this result as
acceptable.

It would be interesting if the halo model could be straight-
forwardly modified in order to reproduce the total matter power
spectrum at the sub-percent level of accuracy since, for in-
stance, cosmic shear surveys measure the total power, rather than
the dark matter power. However the behavior of the former is
more complicated than that of the latter. First of all, thereis
a slight suppression of power, at the percent level, at interme-
diate scales. As mentioned in Section 2 this was not found,
and hence ignored, by Rudd, Zentner, & Kravtsov (2008) and
Guillet, Teyssier, & Colombi (2010), but was found by Jing etal.
(2006) and, more recently, by van Daalen et al. (2011). Even if this
was ignored however, the total matter power spectrum tends any-
way to be shallower than the dark matter one at intermediate scales
and steeper at small scales. This is due to the fact that the gas con-
tribution pushes it down at intermediate scales and the starcontri-
bution pulls it up at small scales. As a consequence, the behavior of
the total matter power spectrum cannot be easily reproducedwith
a simple modification of the concentration of structures, atleast if
we want sub-percent level precision. From the halo model point
of view, this can be interpreted as the consequence of a twofold
effect: (i) the shape of individual structures (containing dark mat-
ter, gas, and stars) is not as well described by a NFW profile as
are dark matter halos alone; (ii ) the collisional nature of gas makes
sure that the assumption according to which all matter is locked
into structures is not valid. In other words, the halo model should
include an additional component describing the fraction ofgas that
is still smoothly distributed, similarly to what happens for Warm
Dark Matter (Smith & Markovic 2011) scenarios. An interesting
direction for future investigation would be to develop a generalized
halo model that would include the distribution of dark matter, hot
and cold gas, and stars. The parameters of such a model could def-
initely be adjusted to reproduce the total matter power spectrum at
the sub-percent level, however it is well beyond the scope for the
present paper.

6.2 Matter power spectra in quintessence cosmologies

In Figure 3 we show the power spectra of the different matter com-
ponents in the four dynamical DE simulations considered in this
work, normalized by the corresponding quantities in the fiducial
ΛCDM run. Due to the fact that the normalizations of thez = 0
power spectra in the quintessence models are always smallerthan
the corresponding quantity in the fiducial model, the clustering
strength of all matter components at very large scales is always
reduced. The first interesting thing to note is that all matter com-
ponents have the same generic shape, being flat at large scales, as
expected, with a depression atk ∼ 1 h Mpc−1 and then growing
again at smaller scales. This aspect is reminescent of the dark mat-
ter power spectrum shape in dynamical DE models explored by Ma
(2007), with the difference that there the depression was located at
slightly larger scales. As a matter of fact, even here we notethat
the dip is at slightly smaller scales in the models RP and EQp as
compared to the models SUGRA and EQn, suggesting that while
the presence of the depression is a generic feature, its precise lo-
cation depends on the exact background expansion history ofthe
Universe and on the amplitude of primordial density fluctuations.
This is supported by the fact that, as we will discuss shortlywith the
help of the halo model, the scale of the dip depends on the scale at
which non-linear effects become important. It should also be noted
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Figure 3. The ratio between the power spectra of the various matter components in the four quintessence simulations adopted in this work and the corresponding
quantities in the fiducialΛCDM run. The black solid line refers to the power spectrum of the dark-matter only simulation, while the other line types refer to
the various matter components of the full simulations, as labeled in the plot. All quantities are evaluated atz= 0.

that when the value ofσ8 is adjusted to be the same for all models
the depression is expected to disappear, as happen in the results of
Francis, Lewis, & Linder (2007) and Casarini et al. (2011).

Let us next examine the behavior of the gas component. The
relevant power spectrum ratio is equal to the ratio of the dark matter
power spectra (both in the dark-matter only and in the full simula-
tions) at large scales. However, at intermediate/small scales it tends
to be larger. This means that, while the gas clustering amplitude in
quintessence cosmologies remains smaller than itsΛCDM coun-
terpart, (i) less gas is depleted and locked into stars in cosmologies
with a dynamical evolution of DE, and (ii ) shock heating and hot
gas pressure are slightly less efficient in preventing gas clustering.
Which one of these two effects is the dominant one is hard to say,
however we note that De Boni et al. (2010) already pointed outthat
star formation tends to be suppressed in dynamical DE cosmolo-
gies as compared to the fiducialΛCDM model. An increase in the
gas clustering strength at small scales for dynamical DE models has
furthermore been found by Casarini et al. (2011), where the authors
also note that star formation is reduced. Curiously, this means that
the reduction in the star formation efficiency is not (or not com-

pletely) to be attributed to the smallerσ8 values adopted here. All
in all this fact makes sense, because a dynamical evolution of dark
energy generically implies a larger Hubble drag, and thus anear-
lier suppression of structure formation. It is plausible that this also
translates into a suppression of the star formation process.

The above mentioned conclusion is also supported by observ-
ing the stellar power spectrum. Specifically, the ratio of the stellar
power spectra is always larger than the ratio of the power spec-
tra for the other matter components, in particular dark matter. This
means that the clustering strength of the stars is less suppressed in
dynamical DE simulations with respect to the clustering strength of
dark matter. In other words, in the latter simulations the stars tend
to form into more biased halos as compared to the fiducial run.This
is consistent with gas cooling and star formation being morediffi-
cult, and hence effective only in more massive halos as compared
to the fiducial run.

Finally, it is interesting to note that at small scales the ratio
between the dark matter (and total matter) power spectra in the full
simulations tends to be smaller than the ratio of the dark matter
spectra in the dark-matter only runs. This hints to the fact that the
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Figure 4. The ratio between the dark matter power spectrum in the SUGRA
quintessence model to the corresponding quantity in theΛCDM control run.
The black solid line refers to the dark-matter only simulation, as labeled.
The yellow circles represent the halo model prediction, broken in the 1−halo
(cyan triangles) and 2−halo (cyan squares) contributions (see the text for
more details).

dark matter power spectrum is less affected by the baryonic physics
with respect to the fiducialΛCDM run, again confirming the afore-
mentioned conclusions. Summarizing this part, we can conclude
that evolving structures in a quintessence cosmology have an over-
all qualitative effect on the matter distribution that doesnot depend
much on the specific equation of state parameterw(z) adopted, al-
though the details do, especially at small scales. It is alsointeresting
to note that the extended quintessence models, despite having an
effective modification of the gravitational constant, do not behave
much differently from the others, standard quintessence models.

In order to better understand the depression in the power spec-
trum ratios of all matter components that is visible atk ∼ 1 h Mpc−1

for all quintessence models, we tried to model the ratios between
the power spectra in the dark-matter only simulations with dynam-
ical DE and the corresponding quantities for the fiducial runby
using the halo model. Preliminarily, we should recall that the halo
model has some intrinsic dependence on cosmology, through the
linear matter power spectrum, the halo mass function and thecor-
responding linear bias. Moreover, the relationc(M, z) also has a
cosmology dependence due toM∗(z). All these dependences have
been suitably taken into account, by adopting the correctσ8 and
growth factor for computing the mass variance and by solvingthe
spherical collapse equations with quintessence contributions. How-
ever, the generic shape of the Sheth & Tormen (2002) mass func-
tion and of the Sheth, Mo, & Tormen (2001) linear halo bias were
left intact.

In Figure 4 we report the same as in Figure 3 but only for the
SUGRA quintessence model and for the dark matter power spec-
trum in the dark-matter only control run. In addition, we overplot
the prediction given by the halo model obtained by blindly cor-
recting for cosmology only as described above. We also report the
two contributions to the halo model power spectrum, the 1−halo

term and the 2−halo term, again in units of the dark matter power
spectrum in the referenceΛCDM cosmology. There are a few in-
teresting features to be noted about this plot. First, the overall shape
of the power ratio is recovered, and in particular the depression that
is visible atk ∼ 1 h Mpc−1. We can also understand the origin of
this depression. As one might expect, the 2−halo term is a mono-
tonically decreasing function of the wavenumber, while the1−halo
term is a monotonically increasing function. Therefore, itis natural
that the sum of the two displays a minimum, although this mini-
mum does not correspond to the point in which the two terms have
equal contributions because they also have a different steepness.

Next, we note that the halo model representation is not entirely
accurate from the quantitative point of view, for three reasons: (i)
at very large scales the power spectrum ratio evaluated by the halo
model is slightly larger than its simulated counterpart, byabout
∼ 2%; (ii ) at intermediate scales this overestimation worsens, or
in other words, the dip in the ratio is not accurately reproduced;
(iii ) at small scales the halo model prediction has a different slope
from the simulations, so that even if the former was normalized
down, we would still miss agreement. The same conclusions apply
to the other three quintessence cosmologies. We now exploreeach
of these issues in order, explaining how we tackled each of them
in order to obtain a more accurate description of the dark matter
power spectrum in dynamical DE cosmologies.

First of all, we believe the disagreement at large scales notto
be of physical, rather of numerical origin. At those large scales the
ratio of the power spectra should equal the ratio of their primordial
normalizations, that is the ratio of the respectiveσ8 values squared.
While this is true for the halo model, the simulated spectra are∼ 2%
off. The only reason for this is that the growth experienced by struc-
tures in the simulation is different from the theoretical growth fac-
tor. As a matter of fact, we verified that this is the case for all the
quintessence models at the∼ 1% level, which is perfectly accept-
able in terms of numerical precision, but that produces the observed
offset. In order to compensate for this, we slightly shiftedthe theo-
reticalσ8 values adopted, in order to get a match at large scales.

Second, the discrepancy at intermediate scales is somewhat
expected, since the halo model is well known not to be percent
level accurate at the transition between the 1−halo and the 2−halo
term. It is very well possible that this accuracy actually depends on
cosmology, and hence we see a larger discrepancy at those scales.
There exist prescriptions that allow to improve the agreement be-
tween the halo model and numerical simulations at intermediate
scales, for instance the so-called halo exclusion. It meansthat one
should exclude from the computation of the 2−halo term dark mat-
ter particle pairs that are in different but overlapping halos. In other
words, one should remove the correlations which arise on scales
smaller than the sum of the virial radii of the two halos. At first
approximation the halo exclusion manifests in lowering theup-
per integration boundary in the 2−halo term (Takada & Jain 2003;
Tinker et al. 2005), although more accurate prescriptions exist
(Smith, Scoccimarro, & Sheth 2007; Smith, Desjacques, & Marian
2011). However, we verified that the halo exclusion does not lead
to significant modifications in this case, thus implying thatthe halo
exclusion itself works in quintessence cosmologies as it does in the
fiducialΛCDM model. On the other hand, we noted that the behav-
ior of the power spectrum ratio at these intermediate scalesis quite
sensitive to the mass function. By decreasing the mass function for
dynamical dark energy cosmologies by only∼ 3% with respect
to their Sheth & Tormen (2002) predictions brings good agreement
with the simulated curves. We therefore adopted this minor correc-
tion, reminding that even for the fiducialΛCDM cosmology the
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Figure 5. The ratio of the dark matter power spectra in the four dynamical dark energy cosmologies studied in this work to their counterpart in the fiducial
cosmology. The black line refer to the dark-matter only run.The yellow circles represent the halo model predictions relative to the black lines, where the
three corrections detailed in the text have been taken into account. Particularly, the changes necessary to the mass function (n/nF) in order to get agreement at
intermediate scales and to the average halo concentration (c/cF) to get agreement at small scales are labeled in each panel ofthe plot.

agreement between the Sheth & Tormen (2002) mass function and
numerical simulations is only at the∼ 10% level, and that the level
of agreement might very well depend on cosmology. This how-
ever has also an interpretation different from the numerical one:
the normalization of the Sheth & Tormen (2002) mass functionin-
sures that all the mass in the Universe is locked in to halos (the
basic assumption of the halo model). This assumption is of course
not stricktly true, as some dark matter will certainly be diffused
outside halos. Lowering this mass function normalization by the
amount discussed means that∼ 3% less mass in quintessence cos-
mologies is locked into halos, an interpretation that agrees with
structure formation being less efficient in those models.

Finally, the disagreement at the very small scales can be
healed by adjusting the dark matter halo concentration, exactly as
we did for the effect of baryonic physics. In Figure 5 we show the
halo model predictions resulting from the three corrections outlined
above, for all dynamical DE cosmologies considered in this work.
In each panel we also report the corrections to the mass function
and to the average concentration of dark matter halos that produce

the smallest deviations. With these corrections, the powerspectrum
ratios given by the halo model reproduce their simulated counter-
parts with a relative accuracy of. 1− 2%.

As can be seen by the numbers in the various panels, in order
to bring the halo model predictions in agreement with the simula-
tions at intermediate scales, the mass function in the quintessence
models needs to be lowered by 2− 4% at most, a value that is
well within the uncertainties of the mass function even for the fidu-
cial ΛCDM case. After that, in order to match the behavior of the
power spectrum ratio at small scales, the average concentration of
dark matter halos needs to be increased by∼ 5 − 10%, with the
exception of the model EQp which needs no such correction. In
any case, it is likely that the increase in concentration is not en-
tirely physical, rather it is at least in part a response to the mass
function decrement, that slightly suppresses the 1−halo term (not
the 2−halo term, that is normalized at large scales). Since both ef-
fects are needed for the overall agreement, it is hard to say what the
actual change in concentration would physically be.
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Figure 6. The ratio between the power spectra of the various matter components in the full simulations (as labeled) and the dark matter power spectra in the
dark-matter only control runs. Each panel refer to a different quintessence cosmology that has been studied in this work. The yellow circles represent the halo
model predictions assuming that the average dark matter halo concentration is increased with respect to the dark matteronly case by the quantity labeled in
each panel asc/c0.

6.3 Gas backreaction in quintessence cosmologies

In this Subsection we address another tricky point, that is under-
standing the effect of gas physics on the dark matter power spec-
trum when the latter is evolved in a background cosmology domi-
nated by dynamical DE. To that purpose, we show in Figure 6, the
power spectra of the various matter components normalized by the
dark matter power spectrum in the dark-matter only simulation for
all the four quintessence cosmologies considered in this work.

The behavior of all matter components looks very similar to
that for the referenceΛCDM cosmology shown in Figure 2. Upon
careful investigation however, it can be noticed that at very small
scales the gas tends to be slightly less depleted as comparedto the
fiducial case, in agreement with the conclusions that we reached
before. The most interesting part of this Figure is the comparison
of the dark matter power spectrum with the predictions of thehalo
model. In order to describe the matter power spectrum in dynamical
DE cosmologies we adopted the modifications to the mass function
and average halo concentrations that were found necessary in the

previous Subsection. Then, similarly to what we have done for the
ΛCDM case, we increased the concentrations in order to mimick
the effects of baryonic physics. Since gas cooling and star forma-
tion have been proven to be less effective when dark energy isdy-
namically evolving, we expected to find that an increase in concen-
tration lower than the 17% found for the fiducial cosmology would
do the job.

This is indeed our conclusion. With the exception of the RP
model, that requires an increase in concentration comparable to
theΛCDM cosmology, in all other cases and excellent agreement
can be reached with an increase of only∼ 10%, as labeled in the
various panels of Figure 6. In all cases, the relative agreement be-
tween the simulated dark matter power ratio and the one predicted
by the halo model is always. 1%. In summary, the halo model
with the modifications that we introduced given by the evolution
in a quintessence dominated background and the effect of baryonic
physics described above reproduces very well gas backreaction on
the power spectrum of dark matter, even in cosmologies different
from the fiducial one.



12 C. Fedeli et al.

Figure 7. The total matter power spectrum normalized by the dark matter
power spectrum in the dark-matter only simulation (cyan dot-dashed line).
For reference, we also show the dark-matter only power spectrum (black
solid line). This panel refers toz = 0 only. Note that the numbers on the
ordinate axis express a percentage.

The way in which the total matter power spectrum differs from
the dark-matter only one is rather similar to the fiducialΛCDM cos-
mology. Namely, also for quintessence models we can see a slight
suppression of power at mildly non-linear scales, while thebehav-
ior at smaller scales cannot be represented by a simple change in
the concentration. Nevertheless, if precision at the levelof ∼ 3−4%
is enough, the enhanced concentration values that we quote in Fig-
ure 6 are a good choice also for the total matter power spectra. In
the next subsection we explore with more detail the issue of the de-
pression in the total matter power spectrum at intermediatescales
in quintessence cosmologies.

6.4 The total matter power spectrum

In this last Subsection we want to focus more on the total mat-
ter power spectrum. As we mentioned before, it is not possible to
obtain a precise representation of the total matter power byusing
the halo model in a way as straightforward as for the dark matter
power. Nevertheless, understanding the behavior of the total power
spectrum is important for weak lensing surveys. The gravitational
deflection of light measures the large sale distribution of all mat-
ter, irrespective of its nature. Given the large efforts that are be-
ing dedicated to future all-sky weak lensing surveys such asEuclid
(Laureijs 2009) and WFIRST, it is worth studying in more detail
this important issue. The total matter power spectra presented in
this Subsection, complemented with their redshift evolutions, can
be used in order to study the effect of baryonic physics in these four
quintessence cosmologies on weak lensing observables.

Let us begin with the fiducialΛCDM cosmology. In Figure 7
we show, for this cosmological model, the ratio between the total
matter power spectrum and the dark matter power spectrum in the
dark-matter only simulation. Basically we are showing the same
cyan line that is visible in Figure 2, however this time we report

it in percentage, in order to better highlight small differences. As
noted above, there is a∼ 1% depression at scalesk ∼ 1 h Mpc−1.
This is in good agreement, both qualitatively and quantitatively,
with Jing et al. (2006). They found that this depression was sta-
ble also upon exclusion of the radiative cooling and star formation
in the gas simulation, namely by treating the gas as adiabatic. This
mean that this feature is not related to the cold gas phase, that con-
densates and produces stars, rather it should be related with the hot
phase. As a matter of fact, the hot phase extends up to intermediate
scales, where the effect of adiabatic contraction and of thestellar
concentrations are not relevant. There, shock heating and the ther-
mal pressure prevent the gas, and therefore the total matter, from
strongly cluster.

The very small amount of the depression in total cluster-
ing strength atk ∼ 1 h Mpc−1 is probably the reason why
Rudd, Zentner, & Kravtsov (2008) did not detect it in their simula-
tions. The box size that these authors used is relatively small, so that
at those scales they were probably still plagued by finite volume ef-
fects. For the same reason, simulations using a large box size, like
those of Jing et al. (2006) and van Daalen et al. (2011) did detect
this feature, having the same magnitude as here. Despite itsvery
small entity, the shape of this deviation in itself is interesting. If
one looks at the effect of primordial non-Gaussianity on thematter
power spectrum will find a very similar deviation if the skewness
is negative (Fedeli & Moscardini 2010; Smith & Markovic 2011).
The scale of the deviation due to non-Gaussianity is maybe a little
bit lower atz = 0, but most likely has a different redshift depen-
dence than the scale of the one due to baryonic physics. A variation
of ∼ 1% as the one induced by gas physics could easily be mistaken
with a primordial non-Gaussianity at the level offNL ∼ −50, if one
ignores the information atk & 2 − 3 h Mpc−1. Therefore, partic-
ular care must be taken when interpreting matter power spectrum
results in cosmological terms.

Next, we turn to the quintessence cosmologies. In Figure 8 we
show the same as in Figure 7 for each of the four dynamical DE
models considered in the present work. The first thing that wenote
is that the qualitative shape of the total matter power spectrum is
the same as in the referenceΛCDM cosmology. On the quantitative
level, it looks like the depression at intermediate scales is slightly
more pronounced for the SUGRA model as compared to the other
quintessence models. This would make sense, because the SUGRA
model is also the model where the gas cooling and star formation
is more suppressed, hence it is expected to have a larger fraction of
gas in the hot phase. However, the differences are really minuscule,
and they overall imply that the distribution and physics of the large
scale hot gas are not significantly influenced by the quintessence
model.

7 DISCUSSION AND CONCLUSIONS

We studied the correlation properties of dark matter, gas, and stars
in cosmological models dominated by a dynamical DE component,
making use of a suite of large cosmological simulations. Themain
results of our study can be summarized as follows.

• In the fiducialΛCDM cosmology the gas is much less clus-
tered than the dark matter, more so for small scales, as expected for
a part of it to cool down and condense into stars, as well as because
of shock heating and gas pressure. The stars are in turn much more
clustered than the other matter components, because they form in-
side biased dark matter halos. The backreaction of gas onto dark
matter is such that the clustering strength of the latter is increased
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Figure 8. The total matter power spectra normalized by the dark matterpower spectra in the dark-matter only simulations (cyan dot-dashed lines). For
reference, we also show the dark-matter only power spectra (black solid line). Each panel refers toz= 0, and to a different quintessence cosmology, as labeled
in the plots. Note that the numbers on the ordinate axis express a percentage.

by ∼ 20% at small scales. The total matter follows a trend very
similar (although not identical) to the dark matter.
• The results of the previous point are in broad overall agree-

ment with previous simulations of structure formation in presence
of various gas physical processes. Nevertheless, there area few
quantitative differences. Among these, we find a decrement of the
total matter power spectrum at intermediate scalesk ∼ 1 h Mpc−1,
that some authors find and others do not. The reason for this isprob-
ably that the decrement is very small,∼ 1%, at the same order of
our own modeling uncertainties. Also, the amount of the increment
of clustering strength in the total matter power spectrum atsmall
scales that we find is of∼ 20− 30%, intermediate amongst other
findings.
• We used the physically motivated halo model in order to re-

produce the backreaction of baryonic physics on the dark matter
power spectrum. In particular, we found that by increasing the av-
erage concentration of dark matter halos by 17% irrespective of the
mass accounts very well for the small-scale increase in darkmat-
ter power due to the inclusion of gas and stars. By using this very
simple prescription, the ratio of the dark matter power spectrum to

its counterpart in the dark-matter only simulation is reproduced at
better than 1% at all scales of interest.

• The ratios between various matter power spectra in
quintessence cosmologies and their counterparts in the fiducial
model have a very specific form that does not depend qualitatively
on the precise cosmological model and the matter component.Par-
ticularly, these ratios are flat at large scales, have a depression at
k ∼ 1 h Mpc−1, and then raise again at small scales. At least part
of this trend is due to the differentσ8 values adopted in the various
models in order to compensate the variations in the growth history.

• By blindly applying the halo model to the quintessence cos-
mologies, we manage to obtain the overall shape of the dark mat-
ter power spectrum (normalized by the dark-matter only spectrum)
right. However there are a few significant quantitative differences.
One of them is that the mass function normalization in these mod-
els needs to be artificially lowered by a few percent with respect
to the Sheth & Tormen (2002) prediction, in order to match the
dark matter power spectrum behavior at intermediate scales. This
would mean that slightly less matter is locked into halos in the
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quintessence models, in agreement with a less efficient structure
formation (see below).
• Quantitatively, the power spectra of the various matter com-

ponents hint at the star formation process being less efficient in
quintessence models as compared to theΛCDM cosmology, with
the SUGRA model being the less efficient among all. For instance,
the gas clustering strength in dynamical DE cosmologies is less de-
creased, compared to the dark matter one, with respect to thefidu-
cial model, implying that less gas condense into stars. At the same
time, the stars gain more power, implying that they can form only
in more massive (and hence more biased) halos. The whole struc-
ture formation process seems to be less effective in quintessence
cosmologies, as suggested by De Boni et al. (2010).
• As a further confirmation of this, we also found that the back-

reaction of the gas onto the dark matter distribution is lesssevere
for the quintessence cosmologies. As it turns out by using the halo
model, the average concentration of dark matter halos needsto be
increased by∼ 17% atz= 0 in theΛCDM model (see above), and
only by ∼ 10% in quintessence models. The exception to this is
the RP model, which is the one with less dissimilarities fromthe
fiducial cosmology.
• Finally, we also briefly studied the total matter power spec-

trum, being the subject of cosmic shear observations. When com-
pared to the dark-matter only power spectrum, it displays a percent-
level reduction of power at intermediate scales, driven by the gas
component, and a sharp increase at small scales, driven by the stel-
lar component. Contrary to the dark matter spectrum, the specific
behavior of the total matter power cannot be accurately modeled
with simple modifications to the halo model.

As noted very recently by van Daalen et al. (2011), the AGN
feedback, which was not included in our simulations, might have a
substantial impact on the large scale distribution of matter. Particu-
larly, this has the effect of removing large amounts of gas from the
centers of clusters and groups of galaxies, thus inhibitingthe to-
tal matter clustering at intermediate/small scales. The consequence
is that the total matter power spectrum would be suppressed more
and at larger scales compared to what we have shown in Figure 7.
This also hints to the fact that differences with works wherethis de-
pression is not noted might depend on the efficiency of the energy
feedback from supernovae. The effect of AGN feedback would de-
pend on the co-evolution of supermassive black holes with galax-
ies, which would likely depend in turn on the expansion history
of the Universe. It is therefore not straightforward to understand
the effect of AGNs in dynamical DE cosmologies without further
simulations. Nevertheless, van Daalen et al. (2011) show that, for
instance, by changing the normalizationσ8 by a significant amount
has a very little effect on AGN feedback.

While this paper was being finalized, a preprint with rel-
evance to the present work appeared on the archive, namely
Semboloni et al. (2011). There the authors come up with
a modification to the halo model similar to the one of
Guillet, Teyssier, & Colombi (2010), specifically overlapping to
the dark matter density profile aβ−model for the gas density profile
and a point mass representing the central star concentration. They
show that in this way they manage to roughly reproduce the total
matter power spectrum in units of the dark-matter only one, with an
accuracy of∼ 10%. Although their work is not yet complete, in that
it lacks the backreaction of gas onto dark matter and the smoothly
distributed gas component, it is an important step forward in mod-
eling the large scale matter distribution on the Universe.

Despite missing the AGN feedback ingredient, we believe the
present work to be a substantial improvement in understanding the
large scale gas and star distributions, as well as their backreaction
on the dark matter power spectrum. All of these ingredient are go-
ing to be of fundamental importance in order to construct a reli-
able semi-analytic model describing the correlation function of all
matter in the Universe. We also provide crucial informationabout
the main differences in structure growth that arise when theback-
ground expansion is dominated by quintessence. This is important
in order to better understand the differences in the large scale mat-
ter distribution that arise due to physically motivated quintessence
scenarios, and hence to devise new tests for detecting a possible
redshift evolution of the DE equation of state parameter.
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