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Abstract. We find that the Abell Cluster A586 exhibits evidence of thieiiaction between dark
matter and dark energy and argue that this interaction stgiggidence of violation of the Equiv-
alence Principle. This violation is found in the contextwbtdifferent models of dark energy-dark
matter interaction.
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INTRODUCTION

Contemporary cosmology regards consensually the natudaidd energy and dark
matter (hereafter DE and DM) to be crucial for a suitable dpson of universe’s
evolution and dynamics. Even though observations agrele thiée ACDM model, a
deeper insight into DE and DM leads to more complex modelgaiticular, interaction
between them. However, so far, no evidence of this inteyadias been presented. In
this work, we argue that Cluster A586 exhibits such evidefcethermore, we argue
that this suggests evidence of violation of the EquivaldPrieciple (EP).

In what follows, we first set the formalism for DE-DM interamt and consider
two very different, phenomenologically viable models: dased orad hocDE-DM
interaction [1], the other on the generalized Chaplygin @SG) model with explicit
identification of DE and DM [5]. Our observational inferescare based on Cluster
A586, given its stationarity, spherical symmetry and wealt available observations
[3]. We also compare our results with other cosmologicakoletions [4].

INTERACTING MODELS

Our results are obtained in the context of two distinct pime@eologically viable models
for the DE-DM interaction: a naturally unified model, the G} but also a less con-
strained interacting model with constant DE equation dedfaereafter EOS) parameter
e = Ppe/Poe (Wherepy is pressure andy is energy density oX; see e.g. [1]).

We consider first a quintessence model with constant EOSBidrehi conservation
equations for both DE and DM readH (denoting the Hubble parameter agd the
interaction strength)

fPom +3Hpom = {Hppw, (1)
poe +3Hppe(l+wpe) = —{Hppw, (2)
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where constant EOS parameteipE), and scaling 1) given by pDE = DEO a'l are

assumed, as in [1] (with density parame@sy — px scaled with crltlcal denS|ty argl
. , : (n+3wpE)QDE
the scale of the universe). Then, the coupling varie$ %—W and energy
densities evolve as
_ (n+3wpE)
Pom :a_SpDMO [QDEOan + QDMO} L poe =a Poe, Pou

" 3)

We turn now to the GCG model. It is defined by its unified E@sg = —A/(Ppm +
poe)?, with A anda constant, and assuming DE constant EOS paramajer= —1
[2]. This last splitting into DE and DM, together with Biariotonservation imply a
scaling behaviour witl = 3(1+ a) and energy densities to be

PDE __3(1+a) B QpE, + Qpm, T
PDM = PDM, pDan ,  PDE =PDE, Ooe, + Oomea 307 a) N (O]

GENERALIZED LAYZER-IRVINE EQUATIONS
In this work we shall focus on the effect of interaction onstéring as revealed by the
Layzer-Irvine equation. We write the kinetic and potenéiaérgy densitiepx and pw
of clustering DM in interacting models in terms of scale taatependence

PK 0 a727 Pw 0 a6717 (5)

and we use DM virialization dynamics in an expanding unigedgscribed by the
generalised Layzer-Irvine equation [6]

Pom + (2pk +pw) H = {Hpw, (6)
with ¢, the coupling for the quintessence model (for the GCG, thérsgallows to just
replacen = 3(1+ o) andwpe = —1). At equilibrium, 2ok + pw = {pw # O.

DETECTION OF INTERACTION FROM OBSERVATION OF A586
Using those models, we have interpreted observations frorAkeell cluster [3] and
compared it with other observations [4].

From [3], we extract: the total maslcjuster = (4.3 +0.7) x 10'* M, (galaxies,
DM and intra-cluster gas), radiuBcyster = 422 kpc atz = 0.1708 (angular radius
Amax= 148') and cluster dispersiom, = (1243+ 58) kms 1, from weak lensing. From

. Ngal
photometry, we obtairc R >= Wz o 'z'] “11ij, the mean intergalactic dis-
tancé, from declinations and right assentions of a galaxy subgéamwithin the pro-
jected Amax (i.e. for galaxyi, /a3 + 63 < Amay. Further assumingsme = —1 and

QDEO =0.72, QDMO =0.24 [7], we get

9 IvlCIuster 2 10
OK =~ = (2.1440.55) x 10 %m 7)
87‘[ Rgtluster

3 G Ivl(:luster
87T< R> Rg)tluster

~

2.83+0.92) x 107 1%m3, 8
= (-

1Wherer2 2d2[1 — cog g — 0cj) COSi COSj — SiNdgi SiNdj], Aci = Ai — UgenteraNddgi = & — Scenter
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SMNLE - BAO + CMB

FIGURE 1. Superimposition of the probability contours for the inttiiag DE-DM model in the ¢, &)
plane (denoted asuwbg,,n) in [8]), marginalized ovelQpg, in [4] study of CMB, SN-la and BAO
(2.66<¢<4.05 at 95% C.L.) with the results extended from [8], basedhe study of A586 cluster. The
& = —3wx line corresponds to uncoupled models.

which allow us to obtain [8]
n =3.82"518 # —3wpE, a =027 +£0. (9)

Notice thatn # —3wpg signals the energy exchange between DM and DE. It is also
remarkable thatr # O which implies the GCG description is not degenerate WfibM
(a =0). We mention that our results (see Fig.1 and [11]) are sbesi with the study of
[4] where DE-DM interacting quintessence are analyseddangatibility with WMAP
CMB [7], SNLS SN-la [9] and Baryon Acoustic Oscillations iDSS [10].

VIOLATION OF EQUIVALENCE PRINCIPLE?

Given that the EP concerns the way matter falls in the gréwital field, considering the
clustering of matter against the cosmic expansion and tkeeaction with DE seems to
be a logical way to test its validity. Both modgieedictdeparture of homogeneous DM
from dust behaviour and have effects that can be interpestetblation of EP.

The non-dust evolution of DM density leads to evolution oé thias parameter,
b = ps/ppwm, at the homogeneous level on cosmological timescales [§] #&a). Other
astrophysical effects also affect the bias so the detedfahis drift would require
statistics over differerg ranges.
If we attribute the non-dugipy to dust-like DM particles mass,

7”+30DE0
Mpm (a) :mDM,O[QDEOan + QDMO] n , (10)

gravity is then Baryon/DM composition dependent as seeharwo particles potential

Uiz = —Gf‘lmz. We can now assign the time evolution to a varying G, as seEigin

(2b)[11], to compare with simulations of the type done by][12
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FIGURE 2. (a) Normalized gravitationally induced bias parameterfasetion ofz, whereb;s = b(z=
15), z= 15 is the typical condensation scale dné pg/ppm = Qp,/Qomy [ QpE,AT + Qo] 1739PE)/1,
(b) Evolution with redshift of the ratio of the gravitatidr@upling for DM and baryons falling on a DM

halo, using the varying coupling model discussed in [11héocompared with the simulation of [12].

G(om-bpm) = Gpm-—B) (Qpgya" + Qo) 1H340E)/1,

CONCLUSIONS

Observations of Cluster A586 [3] suggest evidence of dapaftom virialization given
that A586 is very spherical and relaxed (from its mass digtion and Gyrs without
mergers). The generalized Layzer-Irvine equation allaveterpret this departure as
interacting DE. We therefore link the observed virialipatito interaction [8, 11] with
two different models, consistent with known constraintgé8s. therein]: an interacting
quintessence with constasbe [1] and a Chaplygin gas witbpg = —1 [2].

From these models, we argue that the Equivalence Prindipldd be violated as they
impact, for example, on the overall bias parameter [8] an@aryon/DM asymmetric
collapse [using 12, 11]. This is consistent with violatibatother models have reported

13].
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