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We use numerical simulations of different dark energy cdegies to investigate the
concentration-mass M) relation in galaxy clusters. In particular, we considereérence
A cold dark matter fCDM) model, two models with dynamical dark energy, viewedaas
quintessence scalar field [using a Ratra and Peebles (RR) supgkrgravity (SUGRA) potential
form], and two extended quintessence models, one withipesind one with negative coupling
(EQp and EQn respectively), where the quintessence scaldrifiteracts non-minimally with
gravity (scalar-tensor theories). All the models are ndized in order to match CMB data from
Wilkinson Microwave Anisotropy Prok# (WMAP3). For each model, we have performed nu-
merical simulations in a cosmological box 800 Mpch~%)3. We fit the dark matter profile
with a Navarro-Frenk-White (NFW) profile, and recover the @nication of each halo. We con-
sider both the complete catalog of clusters and groups antdsample of relaxed objects. The
¢ — M relation of our referencACDM model is in good agreement with the results in literature
and relaxed objects have a higher normalization and a stedlslope with respect to the com-
plete sample. For the different dark energy models, we fiad filr ACDM, RP and SUGRA
the normalization of the — M relation is linked to the growth fact@_. and the power spectrum
normalizationog, with models having a higher value g§D_; having also a higher normalization.
This simple scheme is no longer valid for EQp and EQn becautfeese models it is present a
time dependent effective gravitational interaction, wheosdshift evolution depends on the sign
of the coupling. This leads to a decrease (increase) of theated normalization in the EQp
(EQn) model. This result shows a direct manifestation ofdbepling between gravity and the
quintessence scalar field characterizing EQ models thatotdre seen at the background level
but can be investigated in the non-linear regime.
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1. Introduction

Over the last decade great observational evidence ([1-4]) hasighat at the present time the
Universe is expanding at an accelerated rate. This fact can be atiriousecomponent with neg-
ative pressure, which is usually referred to as dark energy, that sataunts for about 3/4 of the
entire energy budget of the Universe. The simplest form of darkggrniera cosmological con-
stant term\ in Einstein’s equation, within the so-callédcold dark matterACDM) cosmologies.
Though in good agreement with observations, a cosmological constaebigtitally difficult to
understand in view of the fine-tuning and coincidence problems. A valichalige consists in a
dynamical dark energy contribution that changes in time and space, effeciated to a scalar field
(‘guintessence’) evolving in a suitable potential ([5, 6]). Dynamicakaarergy allows for appeal-
ing scenarios in which the scalar field is the mediator of a fifth force, eitheinnsitalar-tensor
theories or in interacting scenarios ([7 — 11] and references theheivipw of future observations,
it is of fundamental interest to investigate whether dark energy leaves isgoniats in structure
formation, giving a practical way to distinguish among different cosmologies— 171]).

The internal properties of dark matter halos are known to reflect themdion history and
thus the evolution of the background cosmology. [18] (hereafter NFOt)d that the dark matter
profile of a halo can be characterized by a scale radius, which is linkee tarthl radius through
the concentration of the object. The concentration of a dark matter halo feddt@athe mean
density of the universe at the halo formation time.

Because of the hierarchical nature of structure formation and the fatctdiapsed objects
retain information on the background average matter density at the time ofdhmiation ([18]),
concentration and mass of a dark matter halo are related. Since low-masts dojen earlier
than high-mass ones, and since in the past the background average deatity was higher,
low-mass halos are expected to have a higher concentration compareti-tmdsg ones. These
expectations have been confirmed by the resultd-bbdy numerical simulations which find, at
z= 0, a concentration-mass relatiofM) O M?, with a ~ —0.1 ([19, 20, 14]), with a log-normal
scatter ranging from.@5 for relaxed systems ta3D for disturbed ones ([21]).

N-body simulations have been carried out by several authors in ordasdy thec — M re-
lation in dark matter halos with sizes of galaxy groups and clusters. [18jrpged simulations
with different cosmological models in order to verify the effects of darkrgn dynamics. They
found that the halo concentration depends on the dark energy equastateothrough the linear
growth factor at the cluster formation redshiit, (z.). [22] also noted that non-relaxed objects
have a lower concentration and a higher scatter with respect to relaged|[@3] made a compari-
son between concentrations in Aélkinson Microwave Anisotropy Prode(WMAP1), WMAP3
and WMAPS5 cosmologies in order to study the effects of different cosnwabgarameters (in
particular the power spectrum normalizatiag) on thec — M relation.

Since the concentration of a halo is linked to the background density of itiersa at the
time it collapsed, and since different dark energy models predict differelutions of the cosmo-
logical background, it is interesting to investigate the impact of dark ermrdiiec — M relation.
Moreover, since some dark energy models can also affect the lineaoarhear evolution of the
density fluctuations, leaving some imprints in collapsed structure, one canahok using the
c— M relation as a cosmological probe, orthogonal to others that are commaudyNibody cos-
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mological simulations of extended quintessence models, including the effeittem- M relation,
were presented in [24].

2. Dark energy models

We consider the same cosmological models discussed in [25]. Here ilerdgshe main features
of the different models, and refer to [25] for more details.

As a reference model we use the concordah€®M model. This model is characterized by
the presence of a dark energy component given by a cosmologicstiaoon, with equation of
statewp = —1.

The second case is a model with dynamical dark energy, given by a sgeinmige scalar field
@ with an equation of state evolving with redshift,= w(z) ([5, 6]). As in [25], as potentials for
minimally coupled quintessence models, we consider an inverse power-{antipb

M4+or
V(p) = e

the so called RP potential ([6]), as well as its generalization suggestagpkygsavity arguments
([26]), known as SUGRA potential, given by

: 2.1)

M4+c{
V(p) = e exp(4nGe?) , (2.2)

where in both casdgl anda > 0 are free parameters (see Table 1 for details).

The third possibility we consider is the case in whiginteracts non minimally with gravity
([5, 9]). In particular we refer to the extended quintessence (EQ) maldscribed in [27], [28]
and [10]. The parametds represents the "strength" of the coupling (see Table 1 for details). In
particular we consider here a model with positive coupéng 0 (EQp) and one with negative
¢ < 0 (EQn). For an extensive linear treatment of EQ models we refer to [#H@fe we only
recall for convenience that EQ models behave like minimally coupled quimessbeories in
which, however, a time dependent effective gravitational interactioresgmt. In particular, in the
Newtonian limit, the gravitational parameter is redefined as

~  2[F+2(0F/09)] 1
G__BF—%aﬂF/dmﬁ]BnF' 2:3)

Here the coupling- (@) is chosen to be

1
Flo)=— +&(@* - &), (2.4)
with k = 8nG,,, whereG, represents the “bare” gravitational constant ([29]).
For small values of the coupling, that is to sy 1, the latter expression becomes

S~ 1-BGE(P @) @25)

which manifestly depends on the sign of the coupndWe note that, since the derivative of the
RP potential in equation (2.1) with respectgds dV () /d ¢ < 0, we havep? < @. This leads to
the behaviour oé/G* shown in Fig. 1. Note that the corrections are only within the percent level.
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Figure 1: Correction to the gravity constant for the two extended @sisence models, EQp (cyan) and EQn
(red), as expressed in equation (2.5). Note that the casrexcare only within the percent level.

3. Numerical simulations

In order to study the formation and evolution of large scale structures ia thiisrent cosmologi-
cal scenarios we ug¢-body simulations performed with ti@ADGET-3 code ([30, 31]). For each
model, we simulated a cosmological box of si360 Mpch~1)3, resolved with(768)3 dark matter
particles with a mass ofiym ~ 4.4 x 10° M, h™1.

As in [19], we modified the initial conditions for the different dark energgrsarios adapting
the initial redshift for the initial conditions in the dark energy scenariosrdeted by the ratio of
the linear growth factorB_ (z),

D (@ni) _ Dy.acom(Zreom) (3.1)

D, (0) Diacom(0) '
Therefore, all simulations start from the same random phases, but thieuaimpf the initial fluc-
tuations is rescaled to satisfy the constraints given by CMB.
Our referencé\CDM model is adapted to the WMAP3 values ([32]), with the following cosmo-
logical parameters:

e matter densityQgm = 0.268

dark energy densityQop = 0.732

baryon densityQq, = 0.044

Hubble parameteh = 0.704

power spectrum normalizatiowg = 0.776

spectral indexns = 0.947

We trimmed the parameters of the four dynamical dark energy models se¢hatv(0) ~
—0.9 is the highest value still consistent with observational constraints in ¢odamplify the
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Model a '3 Wo Og

ACDM — — —-1.0 | 0.776
RP 0.347 — —0.9 | 0.746
SUGRA | 2.259 — —0.9 | 0.686

EQp 0.229 | +0.085| —0.9 | 0.748
EQn 0.435| —0.072 | —0.9 | 0.729

Table 1: Parameters for the different cosmological modedsis the exponent of the inverse power-law
potential;¢ is the coupling in the extended quintessence modejss the present value of the equation of
state parameter for dark energy is the normalization of the power spectrum.
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Figure 2: Redshift evolution of the equation of state parametdor the different cosmological models
consideredACDM (black), RP (blue), SUGRA (green), EQp (cyan), and EQul)r

effects of dark energy. Fig. 2 shows the evolution with redshifivah each cosmology. The
parameterfom, Qon, Qob, h, andng are the same for all the models, but since we normalize all
the dark energy models to CMB data from WMAP3, this leads to differentegatid og for the
different cosmologies:

D acom(ZemB) (3.2)
D pe(zcme) '

assumingzcvs = 1089. This fact, along with the different evolution of the growth fadbor
(shown in Fig. 3), has an impact on structure formation. Table 1 lists thengéeas chosen for the
different cosmological models.

Using the outputs of the simulations, we extract galaxy clusters from the ¢ogiced boxes,
using the spherical overdensity criterion to define the collapsed stractife take as halo centre
the position of the most bound particle. Around this particle, we construetrggal shells of
matter and stop when the overdensity drops below 200 timesmten(as opposed taritical)
background density defined ympoc; the radius so defined is denoted wibygm, and the mass
enclosed in it adlooan. We consider all the halos havildpoan > 10 M., h~1. In addition, we
selected subsamples of the 200 objects Withan closest to & 101 M., h™1, 5x 101 M, h™,
3x 108 M, h™1, and 183 M., h~1. Starting from the centres of the halos, we construct radial

08 DE = 08 ACDM
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Figure 3: Ratio between the value @D, for the ACDM (black), RP (blue), EQp (cyan), EQn (red), and
SUGRA (green) cosmologies and the corresponding valuA@PM as a function of redshift.

profiles by binning the patrticles in radial bins. We concentrate on objezts @t For the following
analysis, we also calculate for each cluster selected in this way the radvbgchtthe overdensity
drops below 200 times theritical background density and denote itRgo. The corresponding
mass is indicated ad,qo. It is useful to define a quantitative criterion to decide whether a cluster
can be considered relaxed or not because, in general, relaxed<h@te more spherical shapes,
better defined centres and thus are more representative of the self-fighkariour of the dark
matter halos. We use a simple criterion similar to the one introduced in [22]: frdiefinex,;; as
the distance between the centre of the halo (given by the most bound patidlthe barycentre of
the region included ifRyogm; then we define as relaxed the halos for whigh; < 0.07Rxpqm. We
plot the distribution ok, ¢ s for the objects in the five cosmological modelzat 0 in the left-hand
panel of Fig. 4. Note that the distribution and the median valug gfare similar in the different
cosmological models.

4. c—M relation

For each cluster &= 0 in the five cosmological models under investigation, we perform a log-
arithmic fit, using Poissonian erroff 10 x \/@1)‘l (wherengm is the number of dark matter
particles in each radial bin, of the order of 2A.0° depending on the mass of the object), of the
three-dimensional dark matter profppgm(r) in the region [01 — 1]Rxg0 (Where the value dRyo is
taken directly from the true mass profile) with a NFW profile ([18])

pdm(r) — 5 (41)

pe (r/rs)(14r1/r5)?”

where p; is the critical densityys is the scale radius andl is a characteristic density contrast.
Then, instead of definingyoo = Ro00/r's, We directly find the concentration parametgio from the
normalization of the NFW profile
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Figure 4. Left-hand panel: the distribution o+ (in units of Rypam) for the objects IMCDM (black), RP
(blue), SUGRA (green), EQp (cyan), and EQn (red)-at0. The vertical lines of the corresponding colours
mark the median value o ;¢ in each cosmological model. The vertical pink line corregjsoto the value
defining relaxed object s = 0.07Rxo0m. Right-hand panel: the same as in the left-hand panel, but fo
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We require the central density paramedeto be greater than 100 and the scale radiu® be
within [0.1— 1]Rx00. We exclude the inner regions from the fit because we are limited in resolution
inside a given radius. We indicate the dark matter concentration found in 8yi®8co0oqm. We
define the rms deviatiogyms as

Nbins

—— Y [lo —lo 2 4.3
Nore i; [l0910Pdm — l0g10oNFW] (4.3)

Grzms:

whereNpins is the number of radial bins over which the fit is performed pgly is the best-fitting
NFW profile. We plot the distribution ofi;ms for the objects in the five cosmological models at
z=0in the right-ended panel of Fig. 4. Note that the distribution and the media@ v&0;,s are
similar in the different cosmological models, meaning that the NFW profile is@d goinA\CDM
in describing the dark matter profile of galaxy clusters in dark energy dogjes.

We bin the objects in the complete sample in groups of 200, so that we haverburgla
1018 M, h™1, 3x 108 M, h™1, 5x 1013 M, h™1, and 7x 103 M, h~1. For halos more massive
than 134 M, h~1, we bin the objects starting from the low-mass ones, so that the most massive
bin can contain less than 200 objects. The analysis for the relaxed sampteeibyl selecting the
relaxed objects inside each bin. Once we heygym for each object in each mass bin, since the
distribution ofcyoym is log-normal inside each bin, we evaluate the migagy and the mean and
rms deviation of loggCooasm in €ach bin, for the two samples. In the following of the proceeding,
when we indicate the value goym in @ mass bin, we refer to fepoczonm

With the mean and rms deviation of lggooum in €ach bin at hand, we fit, for the complete
and relaxed samples, the binned M relation using
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B M200
l0g10C200 = 10910A + B 1010 <ml4|v|®> ; (4.4)

where loggCa00 andMzgg are the mean values in each bin. For the error on the mean @tiogim

in each bin,og, we use the rms deviation of leg,omm divided by the square root of the number
of objects in the bin. For each fit we also define

(4.5)

2
,  Neass ( l0g10C200m; — 10910C200f 1, >
)

X=> o

=1
where Nmassis the number of mass bins over which the fit is performed aigti; is obtained
from the best fit of equation (4.4), and evaluate the reduced chied§éri.e. x? divided by the
number of degrees of freedom.

In the referencé\CDM model, relaxed objects have a higher normalization and a shallower
slope with respect to the complete sample (see Table 2 for details). By comparimesults for
ACDM with previous works in literature (see [33] for the comparison), we &rgood agreement,
in particular when the values of the cosmological parameters are similar, 23]inThus, when
comparing the impact of different dark energy models ondheM relation, we can rely on our
ACDM model as a reference. Tle- M relation for galaxy clusters extracted from dark matter
only simulations of different dark energy models, including RP and SUGRA been studied in
[19]. They fit a formula similar to equation (4.4) and find that, when the sagn® used for all the
models, the normalization of thee— M relation for dark energy cosmologies is higher compared to
ACDM, depending on the ratio between the growth factors through

D pe(Zeon)
D acom(Zeoll)
where the collapse redshiftg, are evaluated following the prescriptions of [34]. Whmyvalues
are normalized to CMB data, as we do in this work, the normalization af thi relation for dark
energy cosmologies is lower compared¥GDM. We find that, in order to recover the values of
the normalization they quote in this case, equation (4.6) should be multiplied batihdetween
the values ofog, i.e. 0gpe/0sacpm. This fact goes in the same direction as what found in [23],
where models with higherg also have a higher normalization of the- M relation.

Ape — Ancom (4.6)

5. Resaults

We compare the — M relation for the dark energy models under investigation with the one derived
for the ACDM cosmology. In Table 2 we summarize the best-fitting parameters, the sfanda
errors and the reduced chi-squared of ¢theM relation equation (4.4) for the five cosmological
models here considered, both for the complete and relaxed samples. Eontpkete sample, the
differences in the normalizatiohbetweem\CDM and the other cosmological models are less than
10%, with EQn being the only model having a higher normalization. The $dpeavithin 5% of

the ACDM value for all the models with the exception of EQn, which shows a 30%Ifiltipe. For

the slope the differences among the models, excluding EQn, are smaller ¢hstarldard errors,
while for the normalization these differences are significant. If we limit duesdo the best-fitting
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Model O A oA B e | X* | A Oa B o | X°

all relaxed

ACDM 0.776| 359 005| —0.099 Q011|048 | 409 00O5| —0.092 Q011 0.66
RP Q746 | 354 005| —-0.103 Q011|114 | 408 00O5| —0.081 Q011 0.92

SUGRA 0686| 341 005| —0.098 Q013| 150|394 006 | —0.081 Q012| 1.55
EQp Q748 | 3.36 005 | —0.097 Q012| 0.35| 3.84 005| —0.097 Q011 1.32
EQn Q726 | 3.70 005 | —0.069 Q013 | 0.78 | 425 006 | —0.081 Q013| 0.51

Table 2: Best-fitting parameters, standard errors and reduceduetsiredy? of thec — M relation equation
(4.4) for dark matter density profile fit in the region16- 1]Rxqo for the complete and relaxed samples of
the five different cosmological modelszat 0.

values, given that the slope is almost identical and that all the cosmologiahpters exceg
are fixed, we expect that the normalization should follow the valuasspife. the higherog the
higher the normalization (see [23]), abd, i.e. the higheD, atz,y the higher the normalization
(see [19]). The quantity controlling the normalization is thus expected tbe (z.q ), which is
plotted as a function of redshift in Fig. 3 for the five cosmological modeldependently of the
precise definition ok, the cosmological model with the highest value of this quantityGHM,
followed by RP, EQp, EQn, and SUGRA. We do expect the normalizatioreaf thM relation to
follow the same order, withCDM having the highest and SUGRA the lowest. Instead we see that,
on the one hand, EQp which has the third higlgf . has the lowest normalization while, on the
other hand, EQn which has the second lowmgd, has the highest normalization. The relative
order ofogD; andAis preserved foACDM, RP and SUGRA, as in [19].

For the relaxed sample, comparediGDM, the differences in the normalization are less than 10%,
while the differences in the slope can almost reach 15%, but they are tiblepeth the standard
errors. Also in this case, the most extreme cosmologies are EQp and EQse whrmalization
goes in the opposite direction with respect to th®bD_ . This fact confirms the conclusions we
have drawn from the complete sample. The values of the reduced chieddndicate that equation
(4.4) is a good parametrization of tlee- M relation for almost all cosmological models. Only
SUGRA has high values both for the complete and relaxed samples.

Our results are in good qualitative agreement with the findings of [24]revhalos in extended
guintessence models have lower (higher) concentrations with respeetG DM case for positive
(negative) values of the scalar field coupling.

We plot the best-fitting — M relation for all the cosmological models, along with the binned
data, in Fig. 5. We clearly see that the results on the normalization are dudet@iifes in the
concentrations over a wide mass range. If we look, for example, at thplete sample (left-hand
panel of Fig. 5), we see that the different slope of EQn is mainly originyetthe less massive
bin. But with the exception of this bin, EQn shows the highest concentratialmiast all the mass
bins, while in general EQp has the lowest concentration. For the relaxegdls (right-hand panel
of Fig. 5), the relative behaviour of the different cosmological modelseés €learer, and indeed
the differences in the slope are less pronounced.

Before drawing our conclusions about the EQ models, we want to take ¢gotuat the de-
pendence of the normalization on the slope that characterizes-tié relation in the different
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Figure 5. Left-hand panel: the values ofoym for the complete sample of theCDM (black), RP (blue),
SUGRA (green), EQp (cyan), and EQn (red) cosmologies=a0. The lines of the corresponding colours
are our best fit ot — M relation equation (4.4) and the vertical black bar is thereon the normalization
of ACDM as listed in Table 2. The symbols in the low part of the pame the ratios betweetyooym for
the model and,oym for ACDM. Right-hand panel: the same as in the left-hand panéfdouhe relaxed
sample.

cosmological models. To do this, we fix the slope at the best-fitting value faotmglete sample
of ACDM atz= 0 (i.e. B=—0.099, see Table 2) and we fit equation (4.4) with oAlgs a free
parameter. We report the results in Table 3 and plot them in Fig. 6, which stines:almost all
the information on the — M relation atz= 0 for the cosmological models under investigation. We
show the values of the reduced chi-squared of the fit as a referenice/e do not discuss them
because we are imposing the slope A&CDM also to other models. Also in this case, relaxed
objects have a higher normalization compared to the complete sample. Thegeiasral trend,
both fixing or keeping the slope free, the normalization is decreasing gainyfCDM to RP to
SUGRA, independently of the dynamical state. Finally EQn always has thegtigormalization
while EQp alway has the lowest. The behavioun®&DM, RP and SUGRA is in agreement with
the simple idea that the normalization of the M relation is driven by the value agD. , but the
one of EQp and EQn is not.

We hint that the behaviour of EQp and EQn is linked to the redshift evolutidgheoeffective
gravitational interactiors, as pointed out in Section 2. In fact, in contrast Wk8DM, RP and
SUGRA, in EQ models the gravitational const&hts substituted byG, which is higher (lower)
thanG at high redshift for positive (negative) values of the coupling consfamhile it is equal
to G atz= 0 in order to recover General Relativity (see Fig. 1). This means that mdg@vity
becomes weaker at low redshift compared to high redshift, while in EQrdtrbes stronger. Thus
one can expect that in EQp (EQn) the halos expand (contract) due thahgein the gravitational
interaction, resulting in lower (higher) concentrations with respect to the icawhich gravity is
constant.

6. Conclusions

In this proceeding, we reviewed tlze- M relation for the halos extracted from the simulation set

10
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Model O A oA B o | X* | A Oa B o8 | X2
all relaxed
ANCDM 0776 | 359 005| -099 011|048 | 408 004 | -099 — | 0.62
RP Q746 | 3.55 004 | —-0.99 — | 097|404 005| -099 — | 119
SUGRA 0686|341 004| -099 — | 120|389 004 | -099 — | 169
EQp Q748 | 3.36 004| -099 — | 030|383 004 | -099 — | 111
EQn Q726 | 3.65 004 | —0.99 — | 156|421 005| -099 — |0.74

Table 3: Best-fitting parameters, standard errors and reduceduetsiredy? of thec — M relation equation
(4.4), withB fixed at the best-fitting value for the complete samplAGDM atz= 0, for dark matter density
profile fit in the region [0L — 1]Rxqo for the complete and relaxed samples of the five differeninadsgical
models az = 0.

free slope z=0 fixed slope z=0

5.5F T ] 5.5F T T ]

5.0 . 5.0F ]

45F 3 45F ]

r O ] r O 1

< 40F o d 0 . < 40F O 0 h
A ] A

35F A A A B 35F A A A ]

30F 1 . 30F I .

2.5 1 1 1 1 1 ] 2.5 1 1 1 1 1

ACDM RP  SUGRA EQp  EQnm ACODM RP  SUGRA EQp  EQn

Figure 6: Left-hand panel: best-fitting normalization comparisoneiquation (4.4) for thé\CDM (black),
RP (blue), SUGRA (green), EQp (cyan), and EQn (red) cosniedogTriangles: dark matter profile fit,
complete sample. Squares: dark matter profile fit, relaxetbka The vertical black bar is the error on the
normalization of the complete sampleCDM. Right-hand panel: the same as left-hand panel but Bith
fixed at the best-fitting value for the complete sampld@DM atz= 0.

introduced in [25] and [33]. We find that the normalization of theM relation in dynamical dark
energy cosmologies is different with respect toA€DM one, while the slope is more compatible.
In particular, az = 0, the differences in the normalization for RP and SUGRA when compared to
N\CDM reflect the differences imgD,, with models having a highesgD . also having a higher
normalization. This simple scheme is not valid for the EQp and EQn scenaritie former case,
the normalization is lower than expected consider®-, while in the latter it is higher, and
indeed EQn is always the model with the highest normalization, regardléise diynamical state
of the objects. This behaviour is due to the different redshift evolutidgheéffective gravitational
interactionG that characterizes these models. Indeed, going from high to low redShiéicreases
(increases) for EQp (EQn), making the halos expanding (contractimithais decreasing (increas-
ing) the concentration. This is a very important result because it shoinsch chanifestation of the
coupling between gravity and the quintessence scalar field that cansethet the background
level but can be investigated in the non-linear regime.
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