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On the dark energy clustering properties
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We highlight a viable mechanism leading to the formation of dark energy structures on subhorizon cosmo-
logical scales, starting from linear perturbations in scalar-tensor cosmologies. We show that the coupling of the
dark energy scalar field, or quintessence, to the Ricci scalar induces a “dragging” of its density perturbations
through the general relativistic gravitational potentials. We discuss, in particular, how this process forces dark
energy to behave as a pressureless component if the cosmic evolution is dominated by nonrelativistic matter.
This property is also analyzed in terms of the effective sound speed of the dark energy, which correspondingly
approaches the behavior of the dominant cosmological component, being effectively vanishing after matter-
radiation equality. To illustrate this effect, we consider extended quintessence scenarios involving a quadratic
coupling between the field and the Ricci scalar. We show that quintessence density perturbations reach non-
linearity at scales and redshifts relevant for the structure formation process, respecting all the existing con-
straints on scalar-tensor theories of gravity. This study opens new perspectives on the standard picture of
structure formation in dark energy cosmologies, since the quintessence field itself, if nonminimally coupled to
gravity, may undergo clustering processes, eventually forming density perturbations exiting from the linear
regime. A non-linear approach is then required to further investigate the evolution of these structures, and in
particular their role in the dark halos surrounding galaxies and clusters.
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[. INTRODUCTION essary to justify the “coincidence” with which vacuum en-
ergy is starting to dominate the cosmic expansion right now.
The role of vacuum energy in cosmology is receiving re-Describing dark energy as a scalar fiedd or quintessence,
newed interest since at least three cosmological observablésst considered if7,8], has the attractive feature of allevi-
indicate that a relevant fraction of the energy density in theating these problems, at least at the classical level; “track-
Universe is presently in the form of a sort of vacuum energyjng” [7,9] and “scaling” [8,10] solutions existing for quin-
which is commonly known as dark energy. Type la supernotessence(Q) with inverse power law and exponential
vae observations suggest that cosmic expansion has been @otentials, respectively, allow dark energy density to be at
celerating[1,2]; recently it also has been noticed that datathe level of other cosmological components in the very early
indicate that acceleration is a relatively recent occurrence ininiverse.k-essence models involving a generalized form of
cosmological evolutiori3]. Moreover, present data on cos- the kinetic energy of the scalar field can provide a mecha-
mic microwave backgroun@CMB) anisotropies favor a total nism to justify the present level of dark energy,12.
energy density which is very close to the critical value and Dark energy cosmologies have been considered in the
which is made at roughly 70% by a vacuum energy compogeneral framework of scalar-tensor theories of gravity. These
nent[4]. Finally, large scale structure observations suggest &extended quintessence(EQ) scenariog13], in which the
universe with a subcritical matter densfty|. scalar field responsible for cosmic acceleration possesses an
This evidence represents a great stimulus for theoreticadxplicit coupling with the Ricci scalar, have been studied
work, because understanding why the vacuum energy is ahrough several perspectivgs4—19, including a detailed
the level of or less than the critical density today representstudy of tracking trajectories and of their effects on cosmo-
one of the main mysteries in modern fundamental physic$ogical perturbationg20]; in particular, both for Q and for
[6]. At the quantum level, a “fine-tuning” mechanism is EQ models, characteristic signatures have been accurately
needed to explain why the vacuum energy is so low withpredicted on the CMB spectrum of anisotropies and com-
respect to any natural scale of vacuum expectations of furpared with existing data; s¢@1] and references therein.
damental fields: this discrepancy reaches 120 orders of mag- Elevating the cosmological vacuum energy to a dynamical
nitude if the present cosmological critical density is com-role through its representation as a scalar field introduces the
pared with the Planck scale. Moreover, if the mentionedhatural question about its relation with the other main dark
cosmological observables are interpreted correctly, it is neccomponent which is currently under study in cosmology, i.e.,
the cold dark matte(CDM). The latter is currently thought
to be made of nonrelativistic particles, possibly generated
*Email address: perrotta@sissa.it during the process of supersymmetry breaking in the early
"Email address: bacci@sissa.it Universe, see, e.§22], which are supposed to form the ha-
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los around galaxies via gravitational collapse of primordialthe general formalism for scalar-tensor cosmologies. In Sec.
linear perturbations. It is natural to ask if the formation of Ill we study the motion equations, both for background and

matter clumps in the Universe can have some effect on darRerturbations, giving emphasis to the role of the nonminimal

energy, or even if dark energy clumps can form starting fromgoupling in the dynamics of the scalar field density fluctua-

primordial linear perturbations. In the past this intriguing is-tions. The resulting dark energy clustering properties are il-
sue has been faced from different points of view, either byustrated in Sec. IV, where we expose some examples of
investigating the structure and stability of nonlinear spherithese effects as the result of numerical integrations in typical
cally symmetric scalar field overdensitig2s], or by describ- EQ cosmologies. In Sec. V we give an equivalent interpreta-
ing dark matter and dark energy as two different smoothiyion Of these results in terms of the effective dark energy
distributed classical fieldg24,25); in [26], clumps of an ex- sound speed. Finally, Sec. VI contains the concluding re-
tremely light classical scalar field have been proposed as Zarks.

candidate for dark matter in galactic halos.[BY], the for-

mation of matter structures has been faced in a background [l. SCALAR-TENSOR COSMOLOGIES

filled by matter and a homogeneous quintessence, which still

doler? g?,'tyuggzggotﬁgugiucrfr:g;?: t'gp g;ztfﬁ;fasd ark ene rg)12)0r describing general scalar-tensor cosmologies, both for
clumps arising from perturbations in the linear regime didpggl;%céu?gea:gtgtrilgr?ra%ig?éga}trlmogrsig';i\rﬁ\ﬁ 58(')'?2"; g(s] much as

not receive any explanation. Even more, in Rfg], an Scalar-tensor theories of gravity are generally represented
effective fluid with negative equation of state has been con; 9 y 9 yrep

sidered as “generalized dark matter” in the general contexpy the action

of cosmological linear perturbation theory, and the main con- 1 ()

sequences for structure formation theory have been obtained. s:f d4x\/—_g[—f(¢,R)— VEGV,p— V()

In particular, it has been shown that perturbations of a mini- 2K 2

mally coupled scalar field playing the role of quintessence

behave as scalar radiation on subhorizon cosmological +Lf,uid}, (1)
scales, relativistically dissipating scalar field density fluctua-

tions, so that ordinar uintessence rapidly becomes a . . . . L
y a pIcy gvhereR is the Ricci scalar an@ is a scalar field which is

smooth component. In the present work we investigate thsupposed to be coupled only with gravity through the func-

subhorizon dark energy perturbation behavior in scalar:, i . .
tensor cosmologies, and we show that the conclusions can l{)l@n f(#,R), while the functionsn(¢) andV(¢) specify the

much different. In particular, our aim is to give an answer to inetic apd poter_1tia| scalar field energies, respeciively; the
the following question: in which conditions it is possible to Lagrangiari nyiq includes all th? corrlponepts_bm and the
form growing dark energy density perturbations on subhori-constant« plays the role of the “bare” gravitational constant

zon scales, in a reference-frame independent manner? , which in scalar-tensor theories can differ from the New-

consider this problem in the general context of linear perturlON'S constanG as it is measured by Cavendish-type experi-

bation theory in scalar-tensor cosmology. We study the perr_nents[31]; without loss of generality, we choose the relation

turbation properties of the nonminimally coupled dark en-PetWeenk andG, defined in31] to bex=87G, . We also

ergy field, focusing on the influence that metric fluctuationsP9S€ the light yelocﬂ;c equal tq L. Emstem eq_u.atlons from
can have on its subhorizon behavior; we establish in particu® 9eneral actiofil) can be written in the familiar form
lar in which conditions such influence is effectively domi-
nant, resulting in a “gravitational dragging” of the dark en-
ergy itself. Moreover, we give a worked example of this tal v
phenomenology considering a typical extended quintessencth the stress-energy tensdf;,*' being made of the scalar
model and giving numerical results on the subhorizon behai€!d and the other components, indicated with the subscript
ior of its energy density fluctuations at redshifts relevant forUid:
structure formation.

The results presented here are complementary with re-
spect to our previous works on the same tgdi8,2Q: in- . . |
deed, in[13] we wrote the basic perturbations equations,AS & consequence of theﬂc%ntracted Bianchi identiligs’
analyzing the main cosmological features of EQ models. IS conserved; moreovel ;' and T,,[¢] are separately
[20], we focused on the impact of tracking EQ trajectories orconserved since no explicit coupling is assumed between
the CMB anisotropies and on the matter power spectrumfluid and ¢:

Here we deal with the clustering properties of the dark en- fluid

ergy itself, therefore completing the picture of linear pertur- VAT, =V [ ¢]=0. (4)

bation theory in EQ cosmologies; this will require working .

in a setting in which the stress-energy tensor of the quintesBY defining

sence field is conserved, opposite to the formalism adopted

in the previous works. _ E ﬁ
The paper is organized as follows. In Sec. Il we review Kk JR’

In this section we give general definitions and formalism

— total
G, =kT02 @

T =T+ Tl 8], )

®)

123505-2



ON THE DARK ENERGY CLUSTERING PROPERTIES PHYSICAL REVIEW 656 123505

the conserved scalar field contribution assumes the form resents linear metric cosmological perturbations, and is con-
veniently expressed in the Fourier space: for scalar perturba-

1 tions, indicating withY the solution of the Laplace equation
T, ¢]=0/ V,6V,0—=9,,V éV\d|—Va,, T -
wl 1= 0| VudVb =50,V 6N |~ V0, VSivPY=—|k|?Y, where VS means covariant derivative
flk—RE with respect to the spatial metrig; , the amplitude at wave
+ Tg“”+ V.V,F—g,,0F vectork of the most general scalar metric perturbation, see
e.g.[29], can be written as
1
+ ;—F)GW (6) hoo=—2AY, hoj=—BYj, hjj=2H_Yy;;+2HYj,

(12

where we can recognize the origin of the different termswhereA,B,H, andH+ represent the amplitude in the Fourier
composing the scalar field stress-energy te8prthe mini- - gna06 ot wave vectdr: Y; and the traceles¥;;, with i,]
mal coupling(including a “kinetic” and a “potential” par, =1,2,3, are defined a¥; = —(1/k)VJ-SY, YiJ-:(l/kz)ViSVfY

the nonminimal coupling including F andR, and the gravi- ; .
. . o . + 7 Y/3. Note that, as customary, we intentionally do not
tational term, proportional tox”*—F), containing the Ein- Vi Y y

stein tensor itself. We can define them as write the argumenE explicitly in the amplitude of the per-
turbation quantities in the Fourier space. As it is well known

[29], a gauge freedom exists because of the linearization of

1
Toldl=0|V,¢V,¢— EQ,WVWVM —Vg,,, (7 the problem, so that two of the four quantities in Et) can
be set to zero, or, equivalently, two independent gauge in-
f/k—RE variant combinations can be built out 8fB,H,_ andH+.
T 1o1= 5 Gut v,V,F—g,,0F, (8)  Correspondingly, the stress energy teriEpy, relative to any

cosmological componemtsplits in a background component
1 T, x=diad — py,px,Px,Px] and perturbationsST, , repre-
Tirfu[¢]: (Z — F) G- 9) sented as
ST . =—p, 8. Y, T =(p,+p)(v,—B)Y;,
It is relevant to note that, as extensively discusse{BH, 0x T Px O D= (Pt P (0 J
the gravn.atlonal term may also be taken to the left-hand side ST =P8+ 1 YY), (13)
of EqQ. (2):
where in particulass, represent the density contrast fluctua-

tion at wave vectok. It is also useful to introduce the fluc-

With such an approach, one would be left with a noncon_tuat|0ns in the expectation value of the scalar field at wave

served total stress-energy tenst ,Ea', which would differ vectork, which will be indicated a9 Y.

. . Einstein and conservation equatidi2s, (4) split into two
f_rom Eq (3) _because of the a_lbsence of the _merely grav.'ta'separate sets describing the evolution of background and per-
tional” term in Eq. (6). Including the gravitational sector in

the st : £ 1h lar field | t onl d.turbations. In the next section we will write them explicitly,
€ stress-energy tensor of the scalar field 1S not only a Ifocusing on the role of the different quantities composing the

chotomy, as we will discuss in this paper. First of all, in : : :
typical nonminimal coupling models in whidhis «~* plus scalar field stress energy tensoy,[ ¢] defined in Bq.(6).

a function depending explicitly o, the latter function de-
scribes the energy transfer between field and metric, acting in

particular at a quantum level; see e[®3]. Second, the Bi- | et us then concentrate on the conserved te@prfirst
anchi identities allow us to write down conserved quantitiesconsidering background quantities and their evolution equa-

for the scalar field. Third, the linear perturbation theory de-tions. Conservation lawg) for the unperturbed scalar field
scribes the evolution of small perturbation in the scalar fieldreduce to

energy density: if the latter is drawn from a conserved stress-
energy tensor, perturbations in the scalar field energy density b¢: —3H(1+Wy)py, (14
exhibit a behavior which is hidden with the approdd®).

Assuming a Friedmann-Robertson-Walk@&RW) back-  having defined the dark energy field equation of state as

__ Ftotal __ +fluid
FG,, =Tiol@l=TMlud  Tnq g1+ T"MG 4], (10)

Ill. GRAVITATIONAL DRAGGING

ground, the metric tensor assumes the form Wg=pgs/ps. The background evolution equations will be
completely determined by the Friedmann-Robertson-Walker
9,,=3%(7) (v, thy), (1)  equations
where 7 is the conformal timea(#) is the scale factor a’k

. 2:_ -
with conformal time derivativea expressed through the H=—3(Pruuiat pg) T K,

Hubble parameter H=a/a, and 1v,,=diad—1,(1 ,
—Kr?)71r2 r?sirfg] is the background metric with spatial A%k
curvatureK in spherical coordinatesyr, 6, ); h,,<1 rep- 1=~ g (Pruiat Pyt 3Pniat 3Py), (15
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and by the conservation equations for each comporent and its sound velocity
px=—3H(p,+ py). As it can be easily seen from E@®), the

expressions for the scalar field energy density and pressure c2 :b_aﬁ (22)
which satisfy Eq(14) are given by s¢ l.’d>.
@2 RF—flxk 3 . Equations(19), (20) hold formally for any cosmological
pe=w_—+V(g)+ 2 oHF component. As for the background, they combine in the per-
2a 2a a . .
turbed Klein-Gordon equation
+3H2+K ! F) (16) #?
—_ . w 4 - . w
2 k) 5¢+(2H+—'¢¢)5¢+ k2+ —"’) -
) ¢ 2
e RF—flk 1 . . a2 2
=0o——V(¢p)——+ —(HF+F a’f 4/xt2a’Vv,
Pe 242 (¢) 232 a2( ) + 5w , o¢
2H+H?+K ) —a’f ,/x+2a%v
———F . () = HA— ; b ¢
22 P PA (3H¢+ e

It is useful to mention that these expressions combine in the

) ) 1
continuity equatior(14) to give the Klein-Gordon equation: XA+ G(SHA—3H, ~ kB)+ f 0ROR, (23

2

a . - . .
© g~ 7f'¢+2azv‘¢) ~0. (18 with the variation of the Ricci scalar given by

) 1
$+2Hp+ 5

Before considering perturbed quantities, it is relevant to5R:_¥(3HA_3HL_kB)'Y_;H(?’HA_:gHL_kB)Y
comment briefly on the role of the gravitational component

of the scalar field stress-energy tens®y, since as we will .

see in a moment the same arguments hold for perturbations.  + —2(k2—3H+ 3H2)AY

As first noted in 18,19, under conditions in whick differs a

from k1, even by a small amount due to a nonzero value of

¢, the gravitational term appearing in the expressib6) +i(k2—3K)
switches on, feeding the scalar field energy density itself a?

with a term proportional to the square of the real time

Hubble paramete = 7/a, which in turn is proportional to In order to gain insight into the behavior of the scalar field
the total cosmological energy density through the Einsteinperturbations specifically, let us write explicitly the formal
equations. Since the latter is made of matter and radiatiogolutions to the above equations. The variation of the stress-
scaling as H°® and 1A%, respectively, it is straightforward energy tensof6) yields contributions which we classify in
that at sufficiently early times the gravitational term domi-mc, nmc, andgrav as we did in Egs(7), (8), (9). Let us
nates the dynamics of,. As we will see, this process, start from the energy density perturbationsT[ ¢]
which can be meanmgfully named “gravitational dragging,” = —p,6,Y=6Tg "1 ]+ 6To""{ 1+ SToI*[¢];  the

is also very important for the dynamics of the dark energydifferent contributions are given by

perturbations.

1
H+ §HT)Y. (24)

EquationsV,6T§[¢]=0 andV, 6T 4]=0 correspond 0 [ > TR
respectively to the continuity and Euler equations oTo "1 bl=| — w,¢§5¢+ aT(A‘f’ —$6P)—V 460 |Y
20| 4k, 430 +3H— T —0, (19 29
Ttw, —UeremL 1+w, ¢ 7 (19 3 3 1
o ST"™] ¢]= AHF+ —HOF+ 51 460
(vy—B)+H(vys—B)(1-3ci,)—k !
1 2 1 K2-3K ( R k2
- - - - = — kA= | —5+= 5F+ HIC FlY 26
(20 1 )
v 2
where we have defined the scalar field entropy perturbatio‘ﬂTO lel= (H +K)SFY+ (__F 2| SH°A—HKB
iy . H,
Fommomy, % (22) —3HH ~ (K= 3K)| H+ 7] |, (27)
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where we have definetf,=—A+H 'B/3+H H_; note
also that in generabF=F ,d6¢+F r6R. The momentum
perturbationéT?[d:] is composed by

k .
ST} "= A wddd)Y;, (28)
k. .
ST "Mo= —2(OF—HOF—AR)Y], (29
ogran. 2[1 . [KP=3K
ST} 7% = | — —F || KHA—KH_— | —5—|Hr Y.
(30)

Let us consider noW)‘T} . In general, it will have both trace
and traceless components, , andr 4, respectively, as in
Eq. (13). The different contributions are given by

)

wpdp+— 26

. 1
o™ 1=

—a?V 00— Awd? (Y4, (3D

2 3

(STi.”"“C[(z;]:i Ly Sp+2FHK 4+ Rk SF
j a2l 2k X g9

+HSF + 6F —FA— 2#A}Y(5}

2 . F
SF+(kB—H1)—

i
+¥ 2 Y], (32
igrav _i 1 2 i i 1_
ST [¢p]= — (2H+H?*+2K) SFY 5+ — F
a ac\ K
. 5 .k k.
X| (2H+H?)A+HA— T A= 3B
2 . . k?*-3K
—3KHB—H_ —2HH, ——
H . 1 5
X|Hit =7 Yé“j+¥ ~——F —k°A

C

0 3$?8p—20(Ad?— pSb)+2a%V 45¢

PHYSICAL REVIEW 656 123505

—k(B+HB)+H1+H(2H;—kB)

Hr

2
k 3

H +

}Y} : (33)

wherem_, and w4 are given by the terms proportional to
6']- andY} , respectively. It is worth noting that an interesting
feature of nonminimally coupled scalar fields is the presence
of the gauge invariant anisotropic stress: as shown in
[28] and[34], stress perturbations have a role in the structure
formation; we will return to this in Sec. V.

Although the expressions above appear complicated, it is
quite simple to highlight the point we are interested in. In the
quantities(27), (30), (33), the terms multiplying (14— F)
are 6Gg,5G], 8G;, respectively. Focusing on the gravita-
tional part of the scalar field energy density perturbation, as
we noted above for the case of the background quantities, if
F differs from 1k the scalar field density perturbation is fed
by the total density fluctuation, sincéG3= ksTJ. There-
fore, if this term dominates over the othemm¢nmc), the
gravitational dragging is active on the density perturbations
and forces the scalar field density fluctuations to behave as
the dominant cosmological component.

As we will see in the next section, this process becomes
crucially important in dark energy cosmologies, where the
scalar field plays an important role in the cosmic evolution,
determining the cosmic acceleration today. In the next sec-
tion we will give a worked example of this issue. We inte-
grate Einstein and conservation equations to get the cosmo-
logical evolution in a typical extended quintessence scenario
where 1k—Fx 2, focusing on the behavior of the dark
energy density fluctuations at the relevant redshifts for struc-
ture formation.

IV. DARK ENERGY CLUSTERING

Let us focus on the nonminimally coupled scalar field
fluctuations; combining Eq$25), (26), (27) and the expres-
sion for the background energy densitif), one gets the
following expression for the scalar field energy density fluc-
tuation:

8y= 87+ ST+ Y, (34)

where

5nmc

=— : : 35
¢ w¢?+2aV+RF—f/k— 6HF —2a%(1/k—F)G) (39
 BAHF —6HOF —a’(f ,/x) 5¢—(—a?R+2k?) 6F — 6HK4F -
w$p?+2a°V+RF—f/k— 6HF —2a%(1/k—F)G) '
—68FH?—2a%(1/k—F)6G)
(37)

5grav_

Y w¢?+2aV+RF—f/k—6HF —2a2(1k—F)GS
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Again, we point out that this is precisely the form obtained 1
perturbing the field energy density, whenever the latter is (@ R)=F($)R. (41)
drawn from a conserved energy-momentum tensor: only in

this case, we are allowed to use E#9) for the field energy o )
density evolution. Most importantly, the use of conserved! "€ measured gravitational const&tin scalar-tensor theo-

quantities allows a more direct interpretation of the inter-fi€s (1) with the choice(41), is related to the various quan-
change between different species. The gauge invariant totdffies in the Lagrangian as follows1]:

density perturbatiorA and the gravitational potentidb, de-

fined by G,

kF

(42

2
2wF+4F¢)

20F+3F%)
—(p+p)B, (39

H
pA= 2 [Px5x+ 3F(Px+ PV
X As in[13,20, we modelF as a constant plus a term yielding
a quadratic coupling between the field and the Ricci scalar,

oon N T g Hy so that
=HL+ 5+ | B= ), (39
1
—— 2
are related through the Einstein equatj@b,29: F(#)= K 4% 43
2
b= ka pA (40) where¢ is the nonminimal coupling constant, with the con-
2KkZPe straint that todayF satisfy the relationf42). Note also that

can in principle assume both positive and negative values.

In such a way, sinc& sums up perturbations in all the fluid Moreover, its magnitude is not arbitrary, due to constraints
components, a “potential well” may be generated by each offom local and solar-system experiments on the time varia-
them (in particular, by a perturbation in the scalar field en-tion of the gravitational constant and from effects induced on
ergy density, affecting the behavior of density perturbations photon trajectorie$36]. The time derivativeG, of the ob-

in all the other specieén particular, matter perturbations Served gravitational consta@ as defined in Eq(42) must
Vice versa, perturbations in the matter component will persatisfyG,/G=10"*? yr* at present. Moreover, the Jordan-
turb the gravitational potential to drive the scalar field energyBrans-Dicke parametes;gp= wF/F2, must be greater than
density perturbations: such a kind of back reaction is preabout 2500 at present; to be conservative, we chegge
cisely what we expect by looking at E¢37), due to the =3000, with a negative sign of the coupling constantour
presence of thesGY term. When the energy density pertur- specific model this corresponds t=—1.78<10 2, ¢
bations of the total fluid are dominated by perturbations in=1/\/G), which yields G,/G=10"* yr~1. The quintes-
the matter componerii.e., at sufficiently high redshifts in sence potential, responsible for cosmic acceleration today,
typical dark energy cosmologie$or some scalek™ !, the  has an inverse power law foriie ¢~ “; moreover, we fix
term G9= k6TJ in Eq. (34) is in turn dominated by matter (¢)=1.

energy density perturbations, which then act as a source of The cosmological model is specified as follows. The
the scalar field density perturbations. Hubble parameter at present is fixed aH,

The very interesting feature here is that nonvanishing en=100h km/sec/Mpc withh=0.7 and the spatial metric is
ergy density perturbations of a nonminimally coupled scalataken to be flatkK =0. The fraction of critical density in dark
field can even be associated with a homogeneous scalar fiethergy is() ,=0.70. The equation of state of quintessence at
as long as a nonzero value ¢f makesx 1#F: we can presentw, is chosen to be-0.9, yielding cosmic accelera-
easily see thabp, in Eq. (34) survives even in the limit tion. Baryon abundance is set f,h?=0.022, CDM repre-
8¢—0, because of the gravitational dragging. In othersents the remaining matter componeti}tcpy=1—Q,
words, perturbations of a nonminimally coupled scalar field—,, and three massless neutrino families are assumed.
are sourced by two complementary mechanisms: proper sc&erturbations are taken to be Gaussian with an initially scale
lar field perturbations, and metric induced perturbations, reinvariant adiabatic spectrurf87]. The evolution of back-
lated to the Ricci scalar coupled with the field itself. ground and perturbations has been determined by numeri-

Focusing now on dark energy cosmologies, the describedally solving equations in the synchronous gaégeB=0.
process introduces genuine new features with respect to “orFheir expressions are reported in the Appendix.
dinary” (minimally coupled quintessence scenarios: the Let us consider the background evolution first. In Fig. 1
growth in the matter perturbations may drag EQ density perthe energy densities of radiatiddashed ling matter(dot-
turbations to a nonlinear regime, opening the possibility ofted), and dark energysolid) are plotted as a function of the
the formation of quintessence clumps. redshiftz=1/a—1. At late timesz=<5, the dark energy den-

To give a concrete example, we numerically evolve linearsity is dominated by the kinetic and potential energies. At
perturbations in typical EQ scenarif20]. The coupling of  higher redshift the effect of the gravitational dragging is evi-
quintessence with the Ricci scalar is chosen to have thdent: the last term in Eq16) actually dominates and forces
structure dark energy to scale with redshift as the dominant cosmo-
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FIG. 1. Redshift scaling of cosmological components in tracking £, 2. Spectral power of density fluctuations for matigot-

EQ scenario(see text radiation (dashedi matter (dotted, total (e and dark energy in tracking E@olid) and Q(dotted dashed
dark energy as from Eq16) (solid), kinetic and potential dark gcenarios at different redshifts.

energy contributiongfirst two terms in Eq(16)] (dotted dashed

the matter dominated era. Moreover, we focus on the loga-
logical component. As it is easy to see, in this regime, thegithmic power of density fluctuations at the scéledefined
dark energy cosmological abundance is simply given by by

82 =4mk362, (45)
Qy(2)=—kEH(2), (44)
wherex represents a generic component. As is well known, a
scale for whiché, ,=1 has to be considered in a nonlinear
where the minus is due to our sign conventions. Note that theegime. In Fig. 2 we plots, for matter (dotted and dark
quantity() , can be constrained by big bang nucleosynthesignergy(solid) at relevant redshifts. As is expected, the gravi-
(BBN), because a variation in the gravitational constant canational dragging is active and forces quintessence perturba-
be regarded as inducing a change into the effective numbeaions to behave as nonrelativistic matter on subhorizon
of massless neutrindg$8]; however, in the present case this scales, when the gravitational terms dominate hojhand
value is at percent level, too small to produce observablep . Under these conditions, by using E¢6) and(37) we
effects. The dotted-dashed line represents indeed only thsee that we can write approximately
contribution from thenc terms in Eq(16): the rising part of
this curve atz=1000 is due to théR boost[20] induced by 84=0Om, (46)
the effective gravitational potential in the Klein-Gordon
equation(18). We stress that while the latter contribution which is mostly satisfied, in our specific modelzat5. It is
comes from the kinetic energy of the field rolling on the in fact not a case that all the quantities specifying our spe-
effective gravitational potential, so that ultimately implies acific model disappeared in the above relation. Indeed, Eq.
change in time of the physical value of the scalar figldhe  (46) holds if three general conditions are satisfied in dark
gravitational dragging can be thought of as a power injectiorenergy cosmologies, namelf) gravity deviates from gen-
into the dark energy density coming from the total one, whileeral relativity, (i) quintessence plays the role of the non-
it does not require directly a spatial dependence of the exminimally coupled field, andiii) gravitational terms domi-
pectation value of. Note also that a condition in which nate [Egs. (34), (16)]. At present, when the kinetic and
dark energy scales as the dominant cosmological componepbtential energies of the field dominate the cosmic expansion
can be achieved with an exponential potent&ll0]; how-  imprinting acceleration, the conditiqd6) is broken because
ever, in that case the field is minimally coupled and quintesimatter is no longer the dominant component.
sence density perturbations vanish relativistically after hori- To fully understand the importance of this plot, we re-
zon crossing 28]. ported alsasy, for a corresponding model in which the quin-
Let us turn now to considering the perturbations. Since waessence is minimally coupled, represented by the dashed-
are interested in the dark energy clustering during the formadotted curve. The latter is rising with time because, as
tion of matter structures, we concentrate on the behavior imoticed in[39], the inhomogeneous term of the perturbed
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Klein-Gordon equatior{23) is driving the evolution ofé¢. V. DARK ENERGY SOUND SPEED
However, as is evident from the figure, in the absence of

nonminimal coupling the dark energy density perturbatlons[he nonadiabatic stress or entropy contribution, entering di-

do not play any role in structure formation. rectly into the evolution equation for density perturbations;
Therefore, maybe the most interesting consequence of the y 4 yp ’

gravitational dragging in dark energy cosmologies is that th y_deflnlng OPx= P x for a generic componentwe can
nonlinearity may arise for the quintessence component, at \é\{nte the scalar field entropy contribution as

redshift depending in particular on the coupling strength,
opening the possibility of the formation of quintessence large
overdensities and cavities on subhorizon scales. On the oth
hand, at a linear level, the effect produced &y, on the
total gravitational potentiadb resides in a fractiom,/py,,
which is small in the limit in which¢ is subdominant. For
example, in models in which the assumed scalar-tensor grav- c2 =Wy~ s )
ity theory is slightly different from general relativity, i.e., ¢ 3H 1+wy
|1—«kF|<1, in the gravitational dragging regime when the ) . ) )
gravitational contribution dominatg,, and 3,, through the In most qumtgssence 'scenarios, the fleld_ls modelgd as a
products kfl_F)Gg and (« 1—F)8G, it can be easily component with negative, and slowly varying, equation of

2~ . .
seen that the portion of gravitational potential which isState, so that from Eq(49), cy=w, . As discussed in
sourced by the quintessence is given approximately by 28,34, looking at the continuity and Euler equatiofis),

(20), a fluid with negative sound speed without entropy and

stress terms would make adiabatic fluctuations unable to give
® 4=(1- kF)D<D, (47) a pressure Sl'JppOI’t against gravitational cqllapse of density
perturbations: in other words, under these circumstances, the
adiabatic pressure fluctuations would accelerate the collapse

which means that the bulk of the gravitational potential aris-rath('}r than oppose i, as can be derived from the density

ing from the clustering process is still provided by matter.fherturbat'or?s e(\j/olutilton n :hebl'?'t of SUb::jor'ZO%ISC%IeS' In
Note, however, that this is true for linear perturbations, IS scenario, densily perturbations would rapidly become

which we are treating in this work: the effect of a nonmini- nonlinear after entering the horizon, unless the entropic term

I : K h itational ial asin Ed- (19) acts as a stabilizing mechanism: this requires
mally coupled dark energy on the gravitational potentia asw¢r¢>0. To check this possibility, Hu if28] introduces

sociated with a nonlinear structure is still unknown, and ac-h ttocti q defined in th ¢ ¢
tually this study could be an interesting development of thén€ €ffective soun speat , defined in the rest frame o

present work. the scalqr field, WheréT?¢= 0 (in [28], thesg considerations

The possibility of the presence of quintessence clumps i"® applied to a more general “generalized dark matter”
the Universe has been considered by several authors, mainfigmponent, which can recover the quintessence scalar field-
aimed at foreseeing their signatures on the galactic structui€se, as well as matter and radiajioRollowing this ap-
[23—25; however, there is not, at present, a theory eXmaimoroach, we write the gauge invariant entropic term as
ing how such “vacuum energy clumps” may form, and on 2 2 o(rest)
which scales we expect eventually to find them at low red- Wyl =(Cerr—Cy) 6y (50
shifts. What we obtained is just a possible way to escape (rest ) .
from the linear regime. In other models, ag17], there can Where d,~" is the density contrast in the dark energy rest
be even higher deviations from general relativity at high redframe, which therefore coincides with the gauge invariant
shift than in the model considered here; the potential effeclensity perturbation , as follows:
on the formation of nonlinear clumps may be even more 2
important. Moreover, we have shown that the occurrence of (resh _ A _ It _
dark energy nonlinear subhorizon structure does not require Op "= Ay= 0yt 3 (1 wWy)(vy—B). (52)
directly a space dependence of the expectation valug. of

Obviously, this is just a first step towards a theory ofBy doing so, the stabilization mechanism of scalar field per-
“vacuum energy clumps:” the perturbation behavior out of turbations is expressed only in terms of gauge invariant
the linear regime is still an open issue, and is strictly relatedjuantities. In the mentioned caseccff(/,<0, effective pres-
to properties such as the sound speed of the dark energyre support is obtained if the entropic teff) is positive.
component. In particular, we think that one of the key issue§ he effective sound speed can be interpreted as a rest frame
is the time needed for a quintessence primordial structure teound speed; importantly, it allows us to define a stabiliza-
collapse, and a fundamental role on this is played not only byion scale for a perturbation, given by the corresponding ef-
the bare coupling constardt, but generally by the whole fective sound horizon. This formalism has been usel®8j
coupling function, through the effect they have on the valueto show that density perturbations in a minimally coupled
and sign, of the quintessence sound speed. In the next sectispalar field of quintessence are damped out below the hori-
we will use a different approach to explain such propertieszon, so that the quintessence rapidly becomes a smooth com-
based on the effective sound speed introduce@#34]. ponent: in this case, indeed, it can be verified that the effec-

An important role in the perturbation growth is played by

Pl 4= 0py—C2 40py, (48)

WherecgqS is the adiabatic sound speed of the scalar field,
defined in Eq(22), which can also be written as

1wy

(49
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tive sound speed isﬁff(b:l, giving a relativistic behavior to 10 gy 0.8 vy
the corresponding density fluctuations. i 1 E
The situation in extended quintessence scenarios cal 1 3 or
however be much different, because the effective sounc i ] .
speed may be strongly affected by the presence of the non o1 g 3 05T
minimal coupling term. RewritingZ, as i ] 5
, 001 £ S 3

Cgff¢=5p¢+°s¢37"h¢(v¢ B)/k, 52 ————————— ST
Oyt 3Hhy(v =Bk %%%01 o 1 0 oot o 1 10

k4 r

whereh,=p,+p,, it is quite evident that on subhorizon S

scalesk>™H, céw,: opy/dpy. As discussed in the previ-
ous section, inp 4 lies the main difference between ordinary
quintessence and extended quintessence: Whlg/ dp,
=1 for minimally coupled scalar fields, giving relativistic
values tocgff and damping field perturbations, this ratio may
be much lower than unity whenever the energy density per-
turbations of the scalar field are enhanced by perturbations it
the matter field, and this is a peculiar property of nonmini- ] [ i il b
mally coupled scalar fields. '0'060_01 041 1 10
Another genuine feature which is expected in EQ sce- z z
narios regards the viscosity of the dark energy component.
B e o o e s e, o D 3 Vst 1 kO and ot
sity perturbations through its effects on velocity perturba- '
tions in Eq.(20). A viscosity parametetcfiS is introduced to
relate velocity or metric shear and anisotropic stress; for th
quintessence scalar field, we have

] -0.02

1 -0.04

FIG. 3. Redshift behavior of effective sound speed, equation of

ravitational term indp, dominates in the denominator of
e expressior(52), the larger the suppression of the dark
energy pressure reaction to the density contrast growth. Even

4c2 if the plotted results are strictly valid only in our model, we
'7.TT</>+3H7TT</>: U|S¢(kv¢—HT). (53) stress that this is an example of a general occurrence in
W scalar-tensor dark energy cosmologies. In addition, since the

gravitational term in Eq{(27) is proportional to (1#—F)
5 k ) i ) which can in general assume both positive and negative val-
=0), gvis>0 determines a viscous damping of velocity per- ;a5 even the sign thzafhb can be reversed realizing a sce-
turbations, as can be seen through the Euler equéBtn 1o in which the sound speed accelerates the collapse on
which sums up with the viscosity effect arising from the cajes smaller than the sound horizon instead of opposing it.
cosmological expansion; thus,ofis>0, viscosity can be an An analogous behavior can be found by looking at the
extra smoothing mechanism. On the other harf,<0 re- plots ofw,, andc? ,, in that they are severely depressed at
sults in a term which acts against the cosmological viscosityelevant redshifts in EQ models. Also, the difference between
into the Euler equation. . ci, andw, is due to the time derivative of the equation of
The viscosity parameter turns out to be zero for mmmallystate through Eq49). Notice in particular that in minimally
poupled quintessence, \Zlvh_ere anisotropic stre_ss is rlot prese%umed quintessence we ham@ W, <0 while cqff 4=1;
in that case, howevergy=1, so that the adiabatic SIress o5 \ye already stressed, the latter quantity is indeed the ap-
only is enough in smoothing the scalar field on subhorizon,qhriate one to explain the behavior of a minimally coupled
scales. On the other hand, for extended quintessence fieldg, 5|4y field, resulting in the relativistic damping of subhori-
we expect a nonzero contributiondg , due to the traceless ,qp perturbations. Finally it is interesting to check whether
part of 5T;""T ]+ 6T, 9"’ [ #]. viscosity can be sufficiently effective in damping out density
We plot the four quantitiesiffd,, Wy, C§¢, C,fisqs inFig.  and velocity perturbations, even when adiabatic pressure
3, comparing results in our tracking EQ scendsolid lines  fluctuations are not. As in the minimally coupled case, it
and in an ordinary minimally coupled quintessence cosmolturns out that this is not the case; first, the amplitudeﬁgqu
ogy (dotted dashed is much lower than unity, and second the negative sign yields
The most striking effect is focZ,, - For all the redshifts  an enhancement of velocity perturbations, instead of a damp-
relevant for structure formation the effective dark energying, as we stressed above; the peakzatl is due to the
sound speed is vanishing in the EQ case, allowing for @nset of cosmic acceleration, i.e., the sign change into the
behavior of its density perturbations analogous to that otosmic equation of state.
nonrelativistic matter. Correspondingly, minimally coupled In practice, there are no mechanisms to slow or decrease
quintessence ha(sfJff »=1. This reproduces the same result the amplitude of extended quintessence density perturbations
as in Fig. 2 obtained with a different approach. The more thén the gravitational dragging regime. This analysis confirms,

In the limit of negligibleq'rw and in shear-free frame#i¢
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and better clarifies, the results of the previous section conturbations of the Ricci tensor. In particular, the dragging ef-
cerning the scalar field density fluctuations power spectrumfect emphasized here is generated even in the limiting case of
a homogeneous scalar field, being induced by the coupling
VI. CONCLUDING REMARKS with R _
We have provided a worked example of the above phe-
We studied the behavior of linear perturbations in scalarnomenology in the extended quintessence scenario, involv-
tensor cosmologies, focusing on the density fluctuations oihg a quadratic coupling between the field @dNumerical
the scalar fieldp coupled with the Ricci scaldR. We found  integrations of the cosmological equation system shows that
that such coupling can activate a “gravitational dragging” of the dynamical conditioi54) is satisfied at redshifts relevant
the scalar field density fluctuations by the cosmological metfor the structure formation process, respecting all the existing
ric perturbations, which in turn are powered by the wholeconstraints on scalar-tensor gravity theories.
cosmological stress-energy tensor through the Einstein equa- We believe that these results open new perspectives on the
tions. That is, as the nonminimal coupling represents a powestandard picture of structure formation in dark energy cos-
exchange channel between the scalar field component amdologies, since the gravitational dragging expressed by Eq.
the general relativistic cosmological gravitational potentials,(54) implies that both dark energy and matter exit the linear
we studied in particular how such a channel acts at the levekgime on subhorizon cosmological scales at relevant red-
of linear density perturbations in the scalar field, representedhifts. This immediately poses the problem of their evolution
in particular by the density contradl,=dp,/p,. In condi-  afterwards, i.e., the gravitational clustering of large overden-
tions in which ¢ is not the dominant cosmological compo- sities and deep cavities composed by matter and scalar en-
nent, the power injection coming from gravity can largely ergy tangled by a nonminimal gravitational interaction; while
dominated,, forcing its dynamics to be similar to that of the as we already stressed the gravitational dragging is rather
dominant component itself. On the other hand, in the sam@sensitive to the detailed shape of the nonminimal coupling,
conditions, the scalar field contributes to the cosmologicathe same could be untrue at a nonlinear level. In particular,
gravitational potentials by a fraction given by the ratio be-for a given model, it would be interesting to look at the
tween the scalar field and total energy densities. appearance of the resulting density profile after virialization,
This phenomenology has important consequences on theince this aspect could be constrained by observed rotational
dark energy clustering properties in extended quintessenaairves in nearby galaxies.
scenarios, where the nonminimally coupled scalar field is
assumed to be responsible for the cosmic acceleration today. ACKNOWLEDGMENTS
Namely, the dark energy assumes the features of a pressure- ) i i
less fluid when nonrelativistic matten dominates, i.e., after ~ We are grateful to Sabino Matarrese and Massimo Pi-
matter radiation equality and in the preaccelerating stage ditroni for their precious suggestions; we warmly acknowl-
the cosmic expansion. In other words, the scalar field densit§dge Diego Torres for stimulating discussions. We also thank
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the matter component; this fact is depicted in the scalar field
density contrasb,, as well as in the properties of its effec- APPENDIX: SCALAR FIELD PERTURBATIONS
tive sound Speedeff¢: IN SYNCHRONOUS GAUGE

Numerical integration and analytic treatment of the per-
turbation equations get simplified when developed in the
synchronous gaudeé0]. To obtain our numerical results, we
As we already mentioned, the reason for this behavior lies ifised a modified version afmerasT [41] which covers ex-
the gravitational coupling to the Ricci scalar, contributing atended quintessence cosmologies.
gravitational term in the scalar field energy density which A Sca|ar_type metric perturbation in the Synchronous
gets the dominant contribution from the perturbation in thegauge is parametrized as
matter component. The latter perturbations are therefore able o
to feed the dark energy density fluctuations up to a large ds’=a’[ —d7*+ (8 +h;;)dxdx], (A1)
amount even if the nonminimal coupling is small enough to
respect all the existing constraints on scalar-tensor theories _ 3L ik.x
of gravity. We stress also that the behavig®) does not hij(x,7)= f d°ke
depend on the particular form assumed to describe the non-
minimal coupling; indeed, such a gravitational dragging re-
gime holds whenever the contributions due to the nonmini-
mal coupling dominate both ip, and p,, so that their
ratio is rather insensitive to the detailed shape of such coud being the trace oh;; . By choosingA=B=0 in Eq.(12),
pling. Moreover, it should be noticed that the behavied)  the metric perturbationd, andH+ are related td and » by
is not related to variations of the expectation value of thethe following relations:
scalar field¢; indeed, our study shows that density pertur-
bations of a nonminimally coupled scalar field are sourced Ho— — E_3 H —
both by fluctuations of expectation value as well as by per- T KA

84=0m, Corrp<l. (54)

kikjh(k,7)

+ , (A2)

.01

(A3)

(o) =y

2
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Defining the shear perturbatiomr by the relation o  where dp,=p,m_, is the isotropic pressure perturbation.
=a?/k’pmY, respectively, one has, for the scalar field, theThe perturbed Klein-Gordon equation reads

following quantities derived from the conserv&([ ¢] [Eq.

(3)], in synchronous gauge:

$6¢p 1| P?w, 1 i e 52
Op= Opfiuid T @ 2 2| 2 _;f,¢+2V,¢ o¢ S+ 2H+%¢ Sb+| K2+ ﬂ) %
X
HoF ( R K " fylk+2V
_ —| =S+ | 6F———3—F of “Tg ¢ :_d’_ a__‘/’
a2 2 a a2 a2 +a B Pe— >¢ > +2 K oR.
1 2| Hh (A8)
+ ;— ; —7+k2 (A4)
35 1( dw 1 These perturbations enter in the perturbed Einstein equa-
Op=OPfuigtw——-+ > > ¢4 ;f1¢—2v,¢ o¢  tions, easy to solve in this gauge:
a a
oF  HOF R, 2k? e 1Fh
2 2 T2 L1 a%kép
ken— Eth_ 5 (A9)
oF . 2 (1
. Y4 | Z—
+ 7 (2H+H )+3a2(;< F)
2 7 kZWZT: (A10)
K[ . .
(p+P)U:(pf|uid+Pf|uid)Uﬂuid+; wpddp+ oF—HF
Y 1 F) } (A6) h+2Hh—2k?5=—3a%«&p, (A11)
K
k? h
(P+p)o=(Ptiuia T Piuid) Ttivia T 552 332 5F+3k2 6 h+67+2H(h+67)—2k?>p=—3a’«(p+p)o. (A12)
1 H. O6H. 2. 12.
+ ;—F - P - ?n—pm Ezﬁ*‘ 7 This set of differential equations requires initial conditions

on the metric and fluid perturbations; we adopt adiabatic
(A7) initial conditions[37].
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