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Baryon bias and structure formation in an accelerating universe

Luca Amendola* and Domenico Tocchini-Valentini†

Osservatorio Astronomico di Roma, Viale Frascati 33, 00040 Monte Porzio Catone Roma, Italy
~Received 12 December 2001; published 28 August 2002!

In most models of dark energy the structure formation stops after the accelerated expansion begins. In
contrast, we show that the coupling of dark energy to dark matter may induce the growth of perturbations even
in the accelerated regime. In particular, we show that this occurs in the models proposed to solve the cosmic
coincidence problem, in which the ratio of dark energy to dark matter is constant. Depending on the param-
eters, the growth may be much faster than in a standard matter-dominated era. Moreover, if the dark energy
couples only to dark matter and not to baryons, as requested by the constraints imposed by local gravity
measurements, the baryon fluctuations develop a constant, scale-independent, large-scale bias which is in
principle directly observable. We find that a lower limit to the baryon biasb.0.5 requires the total effective
parameter of statewe511p/r to be larger than 0.6 while a limitb.0.73 would rule out the model.
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I. INTRODUCTION

The epoch of acceleration which the universe seems t
experiencing@1# is commonly regarded as a barren grou
for what concerns structure formation. In fact, during an
celerated expansion gravity is unable to win over the glo
expansion and, asymptotically, the perturbations stop gr
ing. Mathematically, this is seen immediately from the eq
tion governing the evolution of the perturbations in the su
horizon approximation in a flat matter-dominated univers

dc91S 11
H8

H D dc82
3

2
Vcdc50 ~1!

whereH5d loga/dt is the Hubble constant in a conformal
flat FRW metricds25a2(2dt21d i j dxidxj ), the subscriptc
stands for cold dark matter~here we neglect the baryons! and
the prime represents derivation with respect toa5 loga.
When the dark energy field responsible for the accelera
becomes dominantVc tends to zero and the dominant sol
tion of Eq.~1! becomesdc; const. Only if gravity can over-
come the expansion the fluctuations are able to grow. It
pears then that to escape the sterility of the acceler
regime it is necessary to prevent the vanishing ofVc .

As it has been shown in Ref.@2#, an epoch of acceleratio
with a non-vanishingVc can be realized by coupling dar
matter to dark energy. In fact, a dark energy scalar fieldf
governed by anexponentialpotential linearly coupled to
dark matter yields, in a certain region of the parameter sp
an accelerated expansion with a constant ratioVc /Vf and a
constant parameter of statewf , referred to as a stationar
accelerated era. Similar models have been discussed in@3,4#.
In @5# we showed that in fact the conditions of constantVf
andwf uniquely determine the potential and the coupling
the dark energy field. In this sense, the model we disc
below is the simplest stationary model: any other one m
include at least another parameter to modulate the param
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of state. The main motivation to consider a stationary d
namics is that it would solve the cosmic coincidence probl
@6# of the near equivalence at the present of the dark ene
and dark matter densities@3,4,7#. The stationarity in fact en-
sures that the two components have an identical scaling
time, at least from some time onward, regardless of the
tial conditions. Further theoretical motivations for coupl
dark energy have been put forward in Ref.@9#.

As it will be shown below, the coupling has three distin
but correlated, effects on Eq.~1!: first, as mentioned, it gives
a constant non-zeroVc in the accelerated regime; second,
adds to the ‘‘friction’’ (11H8/H)dc8 an extra term which, in
general, may be either positive or negative; third, it adds
the dynamical term2 3

2 Vcdc a negative contribution tha
enhances the gravity pull.

The dark energy coupling is a new interaction that alwa
adds to gravity~see e.g.@2,10#!. The coupling to the baryons
is strongly constrained by the local gravity measureme
@11#, so that we assume for simplicity that the baryons are
fact not explicitly coupled to the dark energy as suggeste
@12# and, in the context of dark energy, in@13,7# ~of course
there remains the gravitational coupling!. This species-
dependent couplingbreaks the equivalence principle, but in
way that is locally unobservable. However, we show th
there is an effect which is observable on astrophysical sc
and that may be employed to put a severe constraint on
model. In fact, the baryon perturbations grow in the line
regime with a constant, scale-independent, large-scale
with respect to the dark matter perturbations, that is in pr
ciple observable. Interestingly, we find that all the accel
ated models requireb,1 i.e. baryons less clustered tha
dark matter~sometimes denotes antibias!. Such abaryon
bias would be a direct signature of an explicit dark matte
dark energy interaction, well distinguishable from most oth
hydrodynamical mechanisms of bias~see e.g.@15#!.

II. BACKGROUND EQUATIONS

Consider three components, a scalar fieldf, baryons and
CDM described by the energy-momentum tensorsTmn(f) ,
Tmn(b) andTmn(c) , respectively. General covariance requir
©2002 The American Physical Society28-1
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TABLE I. Critical points.

Point x y v Vf p we Stability Acceleration

a 2
m

3 A12
m2

9
0 1 3

m2

2m2

9 m,m1 ,m,
3

A2
m,A3

bc 2
3

2(m1b)

Ag29

2um1bu
0 g

4(b1m)2

2

3S11
b

mD m

m1b
b.0,m.m1 m,2b

bb 2
3

2m

3
2umu A12

9

2m2

9

2m2

2
3 1 b,0,m.

3

A2
never

cc
2
3 b 0 0 4

9 b2 6

4b219
11

4b2

9
unstable;mb never

d 21 0 0 1 1/3 2 unstable;mb never

e 11 0 0 1 1/3 2 unstable;mb never

f b 0 0 1 0 2/3 1 unstable;mb never
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the conservation of their sum, so that it is possible to c
sider a coupling such that, for instance,

Tn(f);m
m 5A2/3kbT(c)f ;n ,

Tn(c);m
m 52A2/3kbT(c)f ;n ,

whereTc is the trace of the CDM energy-momentum tens
and k258pG, while the baryons are assumed uncoupl
Tn(b);m

m 50 because local gravity constraints indicate
baryon couplingbb,0.01 @2,10,11#. Let us derive the back
ground equations in the flat conformal FRW metric. T
equations for this model have been already described in@8#,
in which a similar model~but with a variable coupling! was
studied. Here we summarize their properties, restricting o
selves to the case in which radiation has already redsh
away. The conservation equations for the fieldf, cold dark
matter~subscriptc), and baryons~subscriptb), plus the Ein-
stein equation, are

f91S 21
H8

H Df81a2U ,f52A2/3kba2rc ,

rc813rc5A2/3kbrcf8,
~2!

rb813rb50

H81
H

2 F11k2S 1

2
f822

a2

H2
U D G50

whereU(f)5U0e2A2/3mkf . The couplingb can be seen a
the relative strength of the dark matter–dark energy inte
tion with respect to the gravitational force. Depending on
theoretical interpretation, the slopem can be seen as a pur
phenomenological parameter or to be linked to the numbe
extra dimensions or to the dilatonic loop corrections@9#. The
only parameters of our model are thenb andm ~the constant
U0 can always be rescaled away by a redefinition off). For
04352
-
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of

b5m50 we reduce to the standard cosmological const
case, while forb50 we recover the Ferreira and Joyc
model @16#. As shown in Ref.@2#, the coupling we assume
here can be derived by a conformal transformation o
Brans-Dicke model, which automatically leaves the radiat
uncoupled.

The system~2! is best studied in the new variables@13,17#
x5kf8/A6, y5(ka/H)AU/3, andv5(ka/H)Arb/3. Then
we obtain

x852 1
2 ~323x213y2!x2my21b~12x22y22v2!,

y85mxy1 1
2 y~313x223y2!, ~3!

v85 1
2 v~3x223y2!.

The CDM energy density parameter is obviouslyVc51
2x22y22v2 while we also haveVf5x21y2, and Vb
5v2. The system is subject to the conditionx21y21v2

<1. The critical points of system~3! are listed in Table I. We
denoted withwe511ptot /r tot511x22y2 the total param-
eter of state. On all critical points the scale factor expans
is given by a;tp/12p5tp, where p52/(3we), while each
component scales asa23we. In the table we also denotedg
[4b214bm118, and we used the subscriptsb,c to denote
the existence of baryons or matter, respectively, beside d
energy. In the same table we report the conditions of stab
and acceleration of the critical points, denotingm15(2b
1A181b2)/2.

As it can be seen, the attractora can be accelerated bu
Vc→0, so that structure cannot grow, as in all models st
ied so far. Therefore, from now on we focus our attention
the global attractorbc , the only critical point that may be
stationary~i.e. Vc and Vf finite and constant! and acceler-
ated. We assume then that the universe is evolving along
stationary attractor since some epoch in the past and fo
only on the properties that do not depend on the previo
unknown, cosmic history. In@5# we have shown that the
8-2
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stationary epoch cannot extend arbitrarily far into the pa
the question to exactly how far is an important one and w
be discussed in another work@14#. On the stationary attracto
the two parametersb and m are uniquely fixed by the ob
served amount ofVc and by the present acceleration para
eter @or equivalently bywe5m/(m1b)#. For instance,Vc
50.20 andwe50.23 givesm53 andb510.

III. PERTURBATION EQUATIONS

Definining the perturbation variablesd5dr/r, (A6/k)w
5df, uH5 ik idui /a, whereui is the matter peculiar veloc
ity, the following conservation equations for CDM, baryo
and scalar field in the synchronous gauge for the wave n
ber k are derived:

dc852uc2 1
2 h822bw8, ~4!

uc852S 11
H8

H D uc12bS 2
k2

H2
w1ucxD , ~5!

db852ub2 1
2 h8, ~6!

ub852S 11
H8

H D ub , ~7!

w91S 21
H8

H Dw81
k2

H2
w1

1

2
h8x12m2y2w5bVcdc .

~8!

Moreover, we obtain, for the synchronous metric pertur
tion variableh,

h952S 11
H8

H Dh822~12w8x26my2w!

13~dcVc1dbVb!. ~9!

Now, deriving thedc8 equation we obtain

dc91S 11
H8

H
22bxD dc81S 4b2

3
21D3

2
dcVc2

3

2
dbVb

526wy2m1~1214b2!w8x14b

3S 1

2
w81

k2

H2
w1

1

2
h8x1m2y2w D . ~10!

For subhorizon scales we can take the limitk/H@1. In Eq.
~8! this amounts to neglecting the derivatives ofw and the
potential term m2y2w, which gives 2k2w1H2h8x
'2bH2Vcdc . Substituting in Eq.~10! and neglecting again
w8,w9 and the potential term, we obtain

dc91S 11
H8

H
22bxD dc82

3

2
gdcVc2

3

2
dbVb50, ~11!

whereg[114b2/3, and similarly fordb
04352
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db91S 11
H8

H D db82
3

2
~dcVc1dbVb!50. ~12!

Equation~11! corrects the equation given in Ref.@13#, which
had a wrong sign~the error gives only a minor effect for th
small b considered in those papers!. In Eq. ~11! the differ-
ences with respect to Eq.~1! that we mentioned in the Intro
duction appear clearly: the friction term is modified and t
dynamical termgVc , which can be much larger than unit
due to the extra pull of the new interaction, drives the grow
of perturbation even in presence of an accelerated expan
On the stationary attractorVb→0 and Eqs.~11! and~12! can
be written as

dc91 1
2 ~423we24bx!dc82 3

2 gVcdc50

db91 1
2 ~423we!db82 3

2 Vcdc50

wherex,we andVc are given in Table I as functions of th
fundamental parametersm,b for any critical point. The so-
lutions aredc5am6anddb5bam6 where

m65 1
4 @2413we14bx6D# ~13!

b653Vc /~3gVc14bxm6! ~14!

where D25@24gVc1(2413we14bx)2#. The constantb
[db /dc[b1 is the bias factor of the growing solutionm
[m1 . The scalar field solution is w
'(H0a(p21)/p/k)2dc(bVc1mbx). For subhorizon wave-
lengthsw ~which is proportional todrf /rf) is always much
smaller thandc ,db at the present time~although it could
outgrow the matter perturbations in the future ifp.1).

The solutionsm6 ,b6 apply to all the critical solutions of
Table I~for VbÞ0 the solution can be further generalized!. It
is interesting to observe that form,b@1 the growth expo-
nentm1 diverges asmb/(m1b): the gravitational instabil-
ity becomes infinitely strong. Let us now focus on the s
tionary attractorbc . For b50 we recover the lawm65 1

4

@216(24Vc11)1/2# that holds in the uncoupled expone
tial case@16#. Four crucial properties of the solutions will b
relevant for what follows: first, the perturbations grow~i.e.
m.0) for all the parameters that make the stationary attr
tor stable; second, the baryons are antibiased~i.e. b,1) for
the parameters that give acceleration; third, in thek@H limit
~and in the linear regime!, the bias factor is scale indepen
dent and constant in time; and fourth, the bias is independ
of the initial conditions. Numerical integrations of the full s
of equations~4!–~9! that confirm and illustrate the dynamic
are shown in Fig. 1. Notice that, in the future, the perturb
tions will cross out the horizon because of the accelerat
so that the subhorizon regime in which our solutions
valid will not hold indefinitely.

The species-dependent coupling generates a biasing
tween the baryon and the dark matter distributions. In c
trast, the bias often discussed in literature concerns the
tribution only of the very small fraction of baryons@18#
clustered in luminous bodies. A measure of the biasing of
total baryon distributions is possible in principle but is st
8-3
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largely undetermined, not the least because the galaxy b
ing depends on luminosity and type@19#. A first guess could
be that the bulk of baryons follow the distribution of low
luminosity objects, since they contain most of the mass~see
e.g. Ref.@20#!. Very recently it was found@21# that in the
2dFGRS catalog the average galaxy bias is close to u
while galaxies withL5L* are compatible with antibias (b
50.9260.11) and galaxies withL!L* even more so. More-
over, quite remarkably, Verde et al.@21# detected a scale
independent bias from 13 to 65h21Mpc, scales at which
our linear calculations should hold quite well. Similarly,
Ref. @22# it is shown that galaxies from the IRAS-PSCz su
vey are also compatible with an antibias:b50.860.2, a re-
sult that agrees with other estimations@23#. Inclusion of
baryons belonging to weakly clustered objects like Lymana
clouds can only lower the total baryon bias@24#. If anything,
therefore, current estimates indicateb<1 for the total baryon
distribution. To be conservative, here we consider only v
broad limits tob: since the acceleration requires antibias,
assume 0.5,b,1.

In Fig. 2 we show all the various constraints. To summ
rize, they are:~a! the present dark energy density 0.6,Vf
,0.8; ~b! the present acceleration (b.m/2, implying we
,2/3); ~c! the baryon bias 1.b.0.5. On the stationary at
tractor there is a mapping between the fundamental par
etersm, b and the observableswe ,Vf , so one can plot the
constraints on either pair of variables. It turns out that th
conditions confine the parameters in the small dark sha
area, corresponding to

weP~0.59,0.67!, or bP~1.1,1.4!,mP~2.0,2.6!.
~15!

Therefore, the parameters of the stationary attractor are
termined to within 20% roughly. It is actually remarkab
that an allowed region exists at all. The growth ratem is
approximately 0.5 in this region. Forb.0.73 the possibility
of a stationary accelerated attractor able to solve the coi

FIG. 1. Numerical evolution of the density contrast for
100 Mpc/h perturbation of dark matter~continuous lines!, baryons
~dashed lines! and scalar field~dotted lines!. Thick lines: b,m
51.5,3 ~or Vf50.55,we50.67), resulting in a biasb'0.3. Thin
lines: b,m50.25,3 ~or Vf50.5,we50.92): here the dark matte
and baryon curves are almost indistinguishable sinceb'1. We
adopted an arbitrary overall normalization for each model.
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dence problem would be ruled out. If one considers
tighter limit we,0.6 for the supernovae Ia given at tw
sigma in Ref.@4# for stationary attractors the allowed regio
would be further reduced, possibly requiring a lowerb to
survive.

IV. CONCLUSIONS

We have shown that if the universe is experiencing a s
tionary epoch capable of solving the cosmic coinciden
problem then two novel features arise in the standard pic
of structure formation. First, a non-zeroVc during the accel-
erated regime allows structure to grow; second, since
baryons have to be uncoupled~or very weakly coupled!, the
growth is species-dependent, resulting in a constant bar
bias independent of initial conditions. Although there are
direct observations of the baryon bias, the trend is that m
massive objects are more biased with respect to the d
matter distribution, so probably the total baryon bias is low
than the average galaxy bias. If this is correct, thenb can be
smaller than unity, as we find to occur for all accelerat
models. We find that the bias strongly constrains the e
tence of a stationary epoch. Puttingb.0.5, and requiring
0.6,Vf,0.8, we get that the two free parametersm andb
are fixed to a precision of 20% roughly, while the effecti
parameter of statewe is larger than 0.59. A higher bias or
lower we can easily result in ruling out this class of statio
ary models. On the other hand, the observation of a cons
scale-independent, large-scale antibias would constitut
strong indication in favor of a dark matter–dark energy co
pling.

The growth ratem is another observable quantity that ca
be employed to test the stationarity, for instance estima
the evolution of clustering with redshift. So far the uncerta
ties of this method are overwhelming~see e.g.@25#! but fu-
ture data should dramatically improve its validity. The com
bined test ofb andm will be a very powerful test for the dark
matter–dark energy interaction.

Although we investigated only the simplest stationa
model, in whichwe is constant~a reasonable assumptio

FIG. 2. Constraints on the stationary model: below the horiz
tal line the expansion is accelerated; in the light gray region the
is between 0.5 and 1; between the vertical linesVf is within the
observed range. The dark gray region is the surviving param
space.
8-4
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over a small redshift range!, it is reasonable to expect that
similar baryon bias develops whenever there is a spec
dependent coupling; its observation would therefore con
tute a test of the equivalence principle. At the same time,
ci
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species-dependent coupling is requested to provide statio
ity without conflicting with local gravity experiments. There
fore, we conjecture that the baryon bias is a strong test fo
stationary dynamics.
-

c
0,

oc.

d

av,
@1# A.G. Riesset al., Astrophys. J.116, 1009~1998!; S. Perlmutter
et al., ibid. 517, 565 ~1999!.

@2# D. Wands, E.S. Copeland, and A. Liddle, Ann. N.Y. Acad. S
688, 647 ~1993!; C. Wetterich, Astron. Astrophys.301, 321
~1995!; L. Amendola, Phys. Rev. D60, 043501~1999!.

@3# L.P. Chimento, A.S. Jakubi, and D. Pavon, Phys. Rev. D62,
063508~2000!; W. Zimdahl and D. Pavon, astro-ph/010547
A.A. Sen and S. Sen, Mod. Phys. Lett. A16, 1303~2001!; T.
Chiba, Phys. Rev. D64, 103503~2001!.

@4# N. Dalal, K. Abazajian, E. Jenkins, and A. Manohar, Ph
Rev. Lett.87, 141302~2001!.

@5# D. Tocchini-Valentini and L. Amendola, Phys. Rev. D65,
063508~2002!.

@6# I. Zlatev, L. Wang, and P.J. Steinhardt, Phys. Rev. Lett.82, 896
~1999!.

@7# R. Bean and J. Magueijo, Phys. Lett. B517, 177 ~2001!.
@8# L. Amendola and D. Tocchini-Valentini, Phys. Rev. D64,

043509~2001!.
@9# M. Gasperini, gr-qc/0105082; A. Albrecht, C.P. Burgess,

Ravndal, and C. Skordis, astro-ph/0107573; N. Bartolo and
Pietroni, Phys. Rev. D61, 023518~2000!; M. Gasperini, F.
Piazza, and G. Veneziano, gr-qc/0108016; M. Pietro
hep-ph/0203085; S. Carroll, Phys. Rev. Lett.81, 3067~1998!.

@10# T. Damour, Proceedings of the 5th Hellenic School of Elem
tary Particle Physics, 1996, gr-qc/9606079; G. Esposito-Fa
and D. Polarsky, Phys. Rev. D63, 063504~2001!.

@11# D.E. Groomet al., Eur. Phys. J. C15, 1 ~2000!, available on
pdg.lbl.gov

@12# T. Damour, G.W. Gibbons, and C. Gundlach, Phys. Rev. L
64, 123~1990!; T. Damour and C. Gundlach, Phys. Rev. D43,
3873 ~1991!.
.

.

.
.

i,

-
se

t.

@13# L. Amendola, Phys. Rev. D62, 043511 ~2000!; Phys. Rev.
Lett. 86, 196 ~2001!.

@14# L. Amendola, M. Gasperini, D. Tocchini-Valentini, and C. Un
garelli, astro-ph/0208032.

@15# N. Kaiser, Astrophys. J. Lett.284, L9 ~1984!; R.G. Bower, P.
Coles, C.S. Frenk, and S.D.M. White, Astrophys. J.405, 403
~1993!; A. Klypin, Lecture at the Summer School ‘‘Relativisti
Cosmology: Theory and Observations,’’ Como, Italy, 200
astro-ph/0005503.

@16# P.G. Ferreira and M. Joyce, Phys. Rev. D58, 023503~1998!.
@17# E.J. Copeland, A.R. Liddle, and D. Wands, Phys. Rev. D57,

4686 ~1997!.
@18# M. Persic and P. Salucci, Mon. Not. R. Astron. Soc.309, 923

~1999!.
@19# N. Kaiser, Astrophys. J. Lett.284, L9 ~1984!; R.G. Bower, P.

Coles, C.S. Frenk, and S.D.M. White, Astrophys. J.405, 403
~1993!; A. Peacock and S.J. Dodds, Mon. Not. R. Astron. S
267, 1020 ~1994!; C. Benoistet al., Astrophys. J.472, 452
~1996!.

@20# J. Loveday, Astrophys. J.489, 29 ~1997!; P. Valageas, J. Silk,
and R. Schaeffer, Astron. Astrophys.366, 363 ~2001!.

@21# L. Verde et al., astro-ph/0112161; see also P. Norberget al.,
Mon. Not. R. Astron. Soc.328, 64 ~2001!.

@22# H.A. Feldmanet al., Phys. Rev. Lett.86, 1434~2001!.
@23# K. Rines, M.J. Geller, M.J. Kurtz, A. Diaferio, T.H. Jarrett, an

J.P. Huchra, astro-ph/0109425.
@24# M. Douspis, A. Blanchard, and J. Silk, astro-ph/0110181.
@25# M. Magliocchetti, J.S. Bagla, S.J. Maddox, and O. Lah

Mon. Not. R. Astron. Soc.314, 546 ~2000!; M. Tegmark,
astro-ph/0101354.
8-5


