
PHYSICAL REVIEW D 66, 043523 ~2002!
Planck-scale quintessence and the physics of structure formation

Constantinos Skordis and Andreas Albrecht
Department of Physics, UC Davis, One Shields Avenue, Davis, California 95616

~Received 11 December 2000; published 22 August 2002!

In a recent paper we considered the possibility of a scalar field providing an explanation for the cosmic
acceleration. Our model had the interesting properties of attractorlike behavior and having its parameters of
O(1) in Planck units. Here we discuss the effect of the field on large scale structure and CMB anisotropies. We
show how some versions of our model inspired by ‘‘brane’’ physics have novel features due to the fact that the
scalar field has a significant role over a wider range of redshifts than for typical ‘‘dark energy’’ models. One of
these features is the additional suppression of the formation of the large scale structure, as compared with
cosmological constant models. In light of the new pressures being placed on cosmological parameters~in
particulr H0) by CMB data, this added suppression allows our ‘‘brane’’ models to give excellent fits to both
CMB and large scale structure data.
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I. INTRODUCTION

Current evidence that the expansion of the Universe
accelerating@1#, if confirmed, requires dramatic changes
the field of theoretical cosmology. Until recently, there w
strong prejudice against the idea that the Universe could
accelerating. There simply is no compelling theoreti
framework that could accommodate an accelerating unive
Since the case for an accelerating universe continues to b
~see for example@2#!, attempts have been made to impro
the theoretical situation, with some modest success. S
major ‘‘fine-tuning’’ problems remain.

All attempts to account for acceleration@3–35# introduce
a new type of matter~the ‘‘dark energy’’ or ‘‘quintessence’’!
with an equation of statepf5wfrf relating pressure and
energy density. Values ofwf<20.6 today are preferred b
the data@36# and in many modelswf can vary over time.~In
this framework, a plain cosmological constant is the c
wherewf521 independent of time.! Most models with a
varyingwf are based on a simple scalar field with a spec
potential in the Lagrangian. In addition to the standard ing
dients fed into the Friedmann-Robertson-Walker~FRW! cos-
mology, one introduces a scalar field which in general ha
varying wf . If the value of 113wfVf becomes negative
~with the assumption that the photon and neutrino contri
tions to the total density of the Universe is small compared
the rest of the mass energy! the universe enters an era
accelerated expansion.

The evolution of spatially homogeneous scalar fields in
FRW cosmology has a long history in the context of cosm
inflation, but the inflaton fields do not play a significant ro
today. In the past two years scalar fields have been con
ered which can produce an accelerated expansion in
present epoch. This area has been stimulated by the gro
evidence for cosmic acceleration today. The additional sc
field matter is known as ‘‘quintessence’’ or ‘‘dark energy.’’ I
the early models one had to fine-tune the initial conditions
the field in order to get an accelerated expanding unive
today, a feature which is very undesirable. Later on the v
interesting category of ‘‘tracker’’ quintessence models w
created, in which the field gives the desired behavior in
0556-2821/2002/66~4!/043523~15!/$20.00 66 0435
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pendently of initial conditions. Still one had to introduce
small scale into the Lagrangian in order to achieve this. O
way forward with these models is to try and construct
specific explanation for these small parameters@28,29#.

In a recent paper@19# we discussed a class of quinte
sence models which, like the ‘‘tracker’’ models, would pr
duce the desired effect of an accelerated universe, inde
dently of the initial conditions. The model was based on
pure exponential potential which was known to possess
tractor solutions@37–43#. The pure exponential however, i
the attractor regime, cannot produce a realistic acceler
expanding universe. In our previous paper we showed
when the exponential potential is modified by a polynom
prefactor, we can keep the attractor solutions during mos
the history of the universe~and therefore the independenc
from the initial conditions! while at the same time producin
an accelerating scale factor today. The new nice feature
the model, not found previously in other models, was that
the parameters involved wereO(1) in Planck units. Since
then, a number of authors have taken this idea in interes
directions@45,46#, which adds to the case for pursuing th
observable effects of our model on cosmic structure.~We
also note that yet another class of models using sim
Planck-scale physics have been proposed@35#.!

In this paper we consider the evolution of small perturb
tions for the former potential and discuss the implications
the cosmic microwave background~CMB! and structure for-
mation. In particular the recent Boomerang and Maxima d
suggest that the Hubble constant might be larger than th
far accepted value of 65 km s21Mpc21. In this case if one
normalizes the data to Cosmic Background Exploer~COBE!,
the standard cold dark matter model with a cosmologi
constant (LCDM) does not do that well for the observe
matter power spectrum. The former potential seems to
slightly better. One of our important results comes from
modification to the potential reported in@19#, inspired by
‘‘brane’’ physics which results in a number of novel feature
One of these features is a much better joint fit to the ma
power spectrum and CMB anisotropy power.

As with all quintessence models, the foundations of th
models still leave plenty of room for improvement. The sit
©2002 The American Physical Society23-1
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ation does not justify attaching great significance to the p
cise details of the models, nor to the exact values of
model parameters. The reason we single these models ou
special investigation of the perturbations is that they h
interesting properties that are different from other quint
sence models. In particular, in these models, the quintess
density is a significant fraction of the total density throug
out the history of the Universe. This leads to differences
how the quintessence impacts the evolution of perturbat
which we find interesting as a general effect, and wh
could lead to observational signatures.

The structure of this paper is as follows. First we revie
the evolution of scalar fields in an FRW cosmology. We d
cuss in particular the two mentioned potentials~the one from
@19# and the ‘‘brane’’ variation! emphasizing the relevan
physics and noting the differences between the two of th
Then we present the evolution of small perturbations for
two fields at hand and discuss the various effects. The e
lution of perturbations is different in the two models whic
leads to considerable differences in the power spectra.
effect of the additional dark energy in the universe on
matter power spectrum is discussed next. We consider
rameters of the models that give goods8’s and fit the newly
published decorrelated data of Hamilton et al.@55,56#. Fol-
lowing that we focus on the related physics that affect
CMB and also discuss the difference between the two m
els andL models. A short section on the magnitude-redsh
relation follows and finally we draw our conclusions.

II. EVOLUTION OF THE BACKGROUND

Let us review the background evolution for a scalar fie
cosmology. This section does not introduce anything n
~except the final part which introduces the new potential! and
is merely intended for the new readers not familiar with t
subject. We use a (1222) metric signature, with Greek
indices running from 0 to 3 and Latin indices~spatial! from
1 to 3. Index free 3-vectors are denoted asxW and 4-vectors
asx. Unless otherwise stated, all units will be Planckian w
M p51/Ake[(8pG)(21/2)51, ke being Einstein’s constan
and M p being the Planck mass. We assume that the ze
order cosmology is flat FRW in the conformal synchrono
gauge. Finally when we use subscripts on variables they
have the following meanings:m for pressure-less matter~of
any kind!, c for cold dark matter~CDM!, b for baryonic
matter,g for photons,n for neutrinos,r for radiation~pho-
tons and neutrinos!, L for a cosmological constant andf for
the scalar field.

A. Cosmological scalar field evolution

The point of departure is the action functionalS for the
scalar fieldf with potentialV(f) and gravity with metric
gab and scalar curvatureR,

S@gab ,f#5E d4xA2gH R

2
2

1

2
f ,mf ,m1V~f!J . ~1!

Since the background metric has been fixed by our assu
tions we can useA2g5a4 andR526(ä/a3) wherea is the
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FRW scale factor and a dot denotes differentiation with
spect to conformal timet. Moreover the assumption of ho
mogeneity and anisotropy forces the spatial derivatives
the field to zero,f ,i50. The action simplifies and takes th
form of one particle Lagrangian mechanics in two dime
sions with coordinatesa(t) andf(t):

S@a~t!,f~t!#5E dtH 3ȧ22
1

2
a2ḟ21a4V~f!J . ~2!

The canonical momenta arepa56ȧ and pf5a2ḟ. The
Hamiltonian constraintH50 (H being the Hamiltonian!
gives the first Friedmann equation

3S ȧ

a2D 2

5
1

2a2
ḟ21V~f! ~3!

and therefore the field density is

rf5
1

2a2
ḟ21V~f!. ~4!

Variation with respect to the fieldf(t) gives the field equa-
tion of motion

f̈12
ȧ

a
ḟ1a2V,f50, ~5!

where (),f denotes derivative with respect tof.
Finally variation with respect to the scale factora(t)

gives the second Friedmann equation

6
ä

a3
52

1

a2
ḟ214V5rf23Pf ~6!

from which we get the field pressure as

Pf5
1

2a2
ḟ22V~f!. ~7!

If we want our scalar field to accelerate the universe
need the field to provide the dominant form of energy dens
and at the same time have negative pressure. To give a m
precise condition we can use the deceleration parametq
defined by

q52
aä

ȧ2
5

1

2
~113wfVf1V r ! ~8!

whereVf andV r are the relative densities of the field an
radiation respectively.

In order to accelerate the universe a necessary and s
cient condition is that the deceleration parameter beco
negative~in the last equation the dot denotes a derivat
with respect to real time!.
3-2
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FIG. 1. Left: Relative densitiesV as a functiona for the exponential potential. The solid curve corresponds to pressureless matte
Vm'0.88 today, the dotted curve corresponds to radiationT52.726 K today and the dashed curve corresponds to the scalar field
Vf'0.12 (l55) today. Radiation-to-matter transition is arounda51024 and a51 today. Right: Evolution of the equation of sta
parameterwf and the deceleration parameterq as a function ofa for the same model. The solid curve corresponds tow and the dotted one
to q. The attractor causeswf to simply mimic thew of the dominant form of matter soqf can never be negative in the attractor regime
a pure exponential potential.
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B. The pure exponential potential

One very interesting potential is the exponentialV
5V0e2lf. This potential has been shown to have attrac
solutions@37,38#; that is, regardless of initial conditions, th
field eventually scales like the dominant matter compone
For a detailed discussion see@43#.

If the dominant component energy densityrn scales as
rn5r0(a0 /a)n then the scalar field approaches an attrac
solution and its relative density is given byVf5n/l2. This
is a special case of scaling a field—a classification of s
fields can be found in@44#.

During the attractor era the relevant physical quantit
are

rf5
6

62n
V5

3

na2
ḟ2 ~9!

ȧ

a
5S 2

n22D1

t
~10!

wheren53(11w).
Figure 1 shows the evolution of the relative densities i

universe with such a field, with the scale factor. Notice
change of the relative density in the field from the radiat
to the matter era. Sincew simply mimics thew of the domi-
nant matter, it is impossible to get an accelerating univers
the attractor era. It is possible to avoid the attractor if o
choosesl,An. In that case the attractor is not there but t
field will have its own scaling behavior withwf5l2/321. It
is also possible to choose initial conditions sufficiently
04352
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from the attractor solution that the attractor has not be
reached even today@34#. Finally, it is also possible for quin-
tessence to be coupled to matter, which can also give ac
eration for a pure exponential potential@32,33#.

C. Modifying the exponential potential

The attractor behavior of the exponential is appealing a
it would be nice if we could modify it in such a way as t
keep this behavior for most of the history of the Univer
and at the same time get an accelerated universe today
deed we showed in a previous paper@19# that this is possible
by including a prefactor in front of the exponentialV
5Vp(f)e2lf. The effect of the prefactor is to introduce
local minimum in the exponential such that the field ge
trapped into it. After the field gets trapped it starts behav
like a cosmological constant and the Universe eventually
ters an era of accelerated expansion. In our previous p
we used a polynomial prefactor. The full potential then tak
the form

V5V0@~f2B!21A#e2lf. ~11!

Through this paper we refer to this potential as the ‘‘AS
model.

The left panel of Fig. 2 shows the cosmological evoluti
of relative densities in an AS model. One noticeable feat
of this model is the breakaway from the attractor behavio
late times. This will be important for structure formation
the field density becomes very small when structure beg
to form and so it does not affect structure formation mu
3-3
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FIG. 2. Solutions obtained by including aVp factor in the potential. We showVf ~dashed!, Vm ~solid! andV r ~dotted!. Radiation-to-
matter transition is arounda51024 and a51 today. Both models have a Hubble constantH0565 km s21Mpc21, Vf50.7 andVm

50.3 today. Left: The AS model withl55, B554.4057, andA5.01. Notice the behavior of the field at late times whereVf is reduced
to almost zero. That is the period of structure formation so the field does not affect structure formation much. Right: The brane mo
l55, B556.10425,A5.01, C51 andD50.1. Notice that the behavior of the field at late times is different from the AS model in a s
that the field retains a significant amount of energy density. This behavior affects structure formation as well as the CMB.
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Lastly we should note that trapping takes place indep
dently of initial conditions of the quintessence field in t
very early Universe. This is because the Universe is dra
into the attractor at early times. Since the field is in t
attractor solution by the time it approaches the local m
mum there is no memory of the initial conditions. There is
variety of possible behaviors at the local minimum. If t
minimum is very shallow the field can roll through rath
than be trapped. It is also possible to choose parame
which remove the local minimum, but the field still linge
long enough to cause an era of accelerated expansion
trapping a necessary condition isAl2,1. The various be-
haviors and their corresponding parameter ranges have
investigated in@47#.

Instead of choosing a polynomial prefactor it is possi
to have the desired accelerated expansion by using a d
ent functionV(f). An oscillating term for example could d
the job@31#. Here we give another form which can accelera
the universe1

V5F C

~f2B!21A
1DGe2lf. ~12!

Such a potential could arise from the various brane mod
as a Yukawa-like interaction between branes@49# ~we will
call it throughout this paper the ‘‘brane’’ model!.

1This model was developed jointly with Weller@48#.
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The right panel of Fig. 2 shows the evolution of relativ
densities with the brane potential. During radiation era
behaves like the AS potential. During the matter era howe
it retains significant density unlike the AS potential. This h
a significant impact on both structure formation~which is
suppressed! and the CMB as we shall see later.

To understand why there is such a difference we plot
equation of state parameterw with the scale factor in Fig. 3
In the case of the AS model, soon after the field enters
matter era attractor wherew should go eventually to 0, the
field instead rushes toward the minimum of the potential a
then undergoes damped oscillation. During that time the
ergy density of the field falls off significantly faster than th
energy density of the pressureless matter. This behavior
responds with a briefrise in w(a). Due to damping from the
expansion however, the oscillations eventually stop, the fi
settles in the minimum and starts behaving like a cosmolo
cal constant. This is shown by the subsequent oscillation
w with decreasing amplitude untilw goes to21.

In the case of the brane model the potential has a m
smoother minimum but sharper maximum. In that case
field stays longer in the attractor regime until suddenly it g
trapped in the minimum without oscillating. The effect is th
w remains zero during most of the period of structure form
tion ~with the field in the matter attractor regime! and then
goes to21 directly to start accelerating the Universe. Th
allows the field to retain the significant amount of ener
density seen previously. Moreover because of this, the br
model starts accelerating the Universe later than the
model.
3-4
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FIG. 3. The equation of state parameterw ~solid! and deceleration parameterq ~dotted! for the same two models of Fig. 2. On the le
we have the AS model and on the right the Brane model. The difference of the two models seen in Fig. 2 is seen again here inw ~see the
text for more details!. Acceleration begins arounda50.7–0.9 whenq becomes negative.
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Another question concerning both potentials above is
stability of the local minimum under quantum tunneling.
has been shown however that tunneling is negligible wh
renders the minimum in both potentials effectively sta
@48#.

Finally we should say that the tightest constraint com
from requiring thatVf not be too large during nucleosynth
sis @50# ~at a'10210). For Vf(1 MeV)<0.1 we get that
l>6.3. The models shown in Fig. 2 do not obey this co
straint because they were chosen to dramatize the diffe
behaviors. When comparing with data, we use more real
parameters.

III. DENSITY PERTURBATIONS

To make a connection with the real universe one has
consider the growth of small perturbations about an FR
metric. For extensive reviews see for example@51–54#. Here
we adopt the conventions of Ma and Bertschinger@54#. We
start with a line element given by

ds25a2~t!@2dt21~d i j 1hi j !dxidxj # ~13!

with hi j being the metric perturbation in the synchrono
gauge. The metric perturbation is split into scalar, vector
tensor modes as usual.

A. Perturbations in the scalar field

Here we give the relevant equations for the perturbati
in the quintessence. For an extensive review of scalar fi
perturbations in cosmology see for example@52,53# and for
the first applications in the case of quintessence@5,8#.

To include scalar fields into the perturbations let us wr
the field as f(x)5f0(t)1f1(x) with f1!f0, where
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f0(t) represents the zeroth order homogeneous field,
¹f050. We can then form the stress-energy tensor fr
which we can read the perturbed densityr1, pressureP1 and
velocity divergenceu of the field. It is important to note tha
the shear is zero independently of the form of the potent
The quantities of interest ink spaceare

r15
1

a2
ḟ0ḟ11V,ff1 ~14!

P15
1

a2
ḟ0ḟ12V,ff1 ~15!

u5
k2f1

ḟ0

. ~16!

The field perturbation obeys a Klein-Gordon equation

f̈112
ȧ

a
ḟ11~k21a2V,ff!f11

1

2
ḣḟ050 ~17!

whereh is one of the metric perturbations as defined in@54#.
The above 2nd order equation is equivalent to the two
order equations~29! of @54#.

It is important to note that the field has an intrinsic e
tropy perturbationSf related to the pressure and density p
turbations by

P15cs
2r11

]P

]SU
r

Sf ~18!

where the adiabatic speed of soundcs
2 is given by
3-5
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cs
25

Ṗ0

ṙ0

511
2a2V,f

3S ȧ

a
D ḟ0

. ~19!

In general the field perturbations are not adiabatic and th
fore cw

2 5P1 /r1 is not equal tocs
2 ~as noted also in@30#!.

The above point is important for understanding why ev
if quintessence has the same equation of state as CDM
ing matter domination it nevertheless does not clump. It
boils down to how the Jeans length is defined. In the cas
CDM, the Jeans length is zero by definition, contrary
quintessence where it can be as large as the horizon~depend-
ing on the model!. In our case the effect of entropy pertu
bations is to build up non-zero pressure perturbations e
when cs50, and that pressure will resist gravitational co
lapse.

Another thing to note about the field equation~17! is the
physical meaning of the various terms. The Hubble exp
sion provides a time-dependent ‘‘drag’’ term and the pot
tial a time dependent ‘‘mass’’ term. The last term gives t
gravitational sources for the field perturbations.

B. Growing super-horizon perturbations in the radiation era

In our model, deep in the radiation era we can assume
the field is in the attractor and that the potential is a p
exponential. In this case we can use the analysis of Ferr
and Joyce@43# to find the dominant initial conditions for th
scalar field. We should note that the initial conditions giv
here are curvature initial conditions.

We can use Eq.~10! with n54 for the radiation era. Then
we have for quintessence

rf53V5
3

4a2
ḟ0

2 ~20!

ȧ

a
5

1

t
~21!

Vf5
4

l2
~22!

df5
l

3
~tḟ12f1! ~23!

cwf
2 5

tḟ11f1

tḟ12f1

~24!

t2f̈112tḟ11@~kt!214#f11
2

l
tḣ50 ~25!

whered[r1 /r0 is the density contrast for a given specie
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Assuming that only photons and quintessence are do
nant during that period2 we find for the gravitational pertur
bationh

t2ḧ1tḣ16Vgdg13~113cwf
2 !Vfdf50. ~26!

For superhorizon perturbations we assumekt!1 and there-
fore for the fastest growing mode to first orderug50 and
dg52 2

3 h which come out from using adiabatic initial con
ditions. After combining the last six equations we get

t2ḧ1tḣ24S 12
4

l2D h1
8

l
~2tḟ11f1!50 ~27!

t2f̈112tḟ114f11
2

l
tḣ508. ~28!

Let h5Ctm andf15Dtm. Thenm has the possible value
of

m562, m5

216A64

l2
215

2
. ~29!

The growing physical mode is the one proportional tot2.
For the coefficientsC andD we get~a result found by Fer-
reira and Joyce@43#!

D52
2

5l
C. ~30!

This gives

df5
4

15
dc . ~31!

C. Initial conditions

From the analysis of the previous section we can form
initial conditions following the procedure in Ma and Bertsc
inger @54#. From the previous section we found that th
physical superhorizon growing mode isf152(2/5l)Ct2

52(2/5l)h. Since this mode is an attractor in the pha
space of solutions to Eqs.~27! and ~28! we can assume tha
the initial conditions forf1 are

f152
2

5l
h, ḟ152

2

5l
ḣ. ~32!

In other words we start the perturbations in the attractor
lution.

These initial conditions along with the initial condition
for radiation and matter are adiabatic. Any other set of init

2This does not mean that we neglect the CDM perturbations
only thatrc!r r during the radiation era. The CDM density contra
is still given by the adiabatic relationdc5

3
4 d r .
3-6
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FIG. 4. Left: The effective dimensionless growth rateneff for four different models atk50.1 Mpc21. At early timesneff→2 for all
models, due to thet2 dependence of the growing superhorizon modes. Growth is suppressed in the radiation era (t'100 Mpc) and in the
f era~today!. In the matter era sCDM~dash-dotted! has the most growth, thenLCDM ~solid!, AS ~dotted! and finally with the least growth
the brane~dashed!. The last two are the same models shown in Fig. 2. Right: The matter power spectrum normalized to COBE u
Bunn-White fitting formula. The plotted models areL ~solid!, AS ~dotted! and brane~dashed!. All the models haveh50.75, Vc50.297,
Vb50.053 andVf50.65. Here we have used more realistic quintessence parameters consistent with nucleosynthesis~not the same as thos
in Fig. 2!. In particular for the AS modell58, B533.9627,A50.01 and for the brane modell58, B535.13689,C50.01 andD
50.01. The data points are the decorrelated data of Hamilton et al.@55,56#.
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conditions for the field are actually unstable and will rapid
evolve into the ones stated here.

IV. STRUCTURE FORMATION

First we investigate the growth of structure with time u
ing the density perturbations as a guide. Then based on
investigation we give the resulting matter power spectr
and explain its form.

A. The growth of structure

One intuitive and important quantity is the dimensionle
growth rate for the cold dark matter,

neff5t
ḋc

dc
. ~33!

This quantity gives an instantaneous measure of the gro
rate of structure. The time evolution ofneff is shown for a
number of models on the left panel of Fig. 4. Initially, ou
side the horizon,neff52 completely independent of th
model of structure formation~for a flat universe!. This is due
to the fact that because of causality the form of the ba
ground energy density is not relevant, only the amount. A
entering the horizon, the growth of structure is suppres
during the radiation era simply because dark matter is
tremely sub-dominant. During the matter era, dark ma
becomes dominant and in the case of a standard C
~SCDM! model,neff eventually reaches the value of 2 aga
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For a LCDM model however,neff , after growing for a
while, eventually drops down to zero. This happens when
universe enters the accelerating era where the perturba
leave the horizon and structure stops forming.

The two quintessence models considered here hav
similar effect to aLCDM model. The only difference is the
existence of a significant amount of dark energy during
matter era. This results in a suppression of structure for
tion since the amount of dark matter is less and theref
structure forms less efficiently. As stressed in Sec. III A, ev
when wf50 quintessence can have pressure perturbat
which allow it to resist clumping.

This is not very important for the AS potential since
one notices from Fig. 2,Vf goes very close to zero befor
the accelerating era. Therefore in that model structure is
a little bit suppressed compared to aLCDM model, but not
by much.

For the brane potential however the above effect is m
stronger. In factVf stays quite significant during all of th
matter era. Therefore for that potential, structure growth
even more suppressed as one can see from Fig. 4. Not
do we have the acceleration era like before which suppre
structure anyway, we also have a significant amount of qu
tessence which does not cluster. This means that the am
of clustering matter is even less in this case so structur
even more suppressed.

B. The matter power spectrum

Based on the reasoning of the previous section, we
predict the form of the matter power spectrum. For the
3-7
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CONSTANTINOS SKORDIS AND ANDREAS ALBRECHT PHYSICAL REVIEW D66, 043523 ~2002!
FIG. 5. Left: Primary anisotropies for the models of Fig. 2 split into intrinsic temperature~upper set of curves on upper pane!,
velocities~lower set of curves on upper panel! and local quadrupole~lower panel!. The differences between models due to the driving eff
are visible in all of them. The driving effect on the quadrupole in particular is important for polarization. Right: Primary tempe
anisotropies for the same models, as would have been observed today if there was no other anisotropy source. The driving effec
on the first two peaks.
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model we expect the power to be a bit less than forL model
with the same cosmological parameters. The brane m
should exhibit additional suppression. This is indeed the c
as one can see in the right panel of Fig. 4.

If we use a Hubble constant of 75 km s21Mpc21, even
though structure is suppressed for the brane model, it fits
data very nicely. All of the models shown in the figure ha
h50.75 ~with H05100h km s21Mpc21), dark matterVc
50.297, baryonVb50.053, Vf50.65 and some reioniza
tion with optical depthk50.1. The corresponding CMB
anisotropies are shown later in the right panel of Fig. 8. T
s8’s 1.08,0.96 and 0.77 forLCDM, AS and brane potentials
respectively.

It is not the goal of this paper to scan all of parame
space and compare a wide range of models, and we are
suggesting that any of the models in Fig. 4 are the best fit
model of their type. Figure 4 is intended to illustrate t
physical differences of the different types of models by ho
ing as many aspects as possible constant across the
models. Figure 4 also illustrates the somewhat surprising
sult that it is possible for models with significant contrib
tions from the dark energy at early times~i.e., the brane
model! to provide a good fit to the data.

V. THE COSMIC MICROWAVE BACKGROUND

Last we give the CMB anisotropy power spectrum a
investigate the various physical effects due to the field.
follow the analysis of Hu and Sugiyama@57–60#. Following
the common practice we divide the CMB anisotropies in
primary and secondary. The primary anisotropies are
ones formed at the last scattering surface~LSS!, the second-
ary being the ones due to the subsequent cosmological
lution. Because of the significant quintessence energy den
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at the LSS, the primary anisotropies are different compa
with other models. In this section we drop sCDM from co
sideration and compare the remaining three models discu
above: the AS and brane models, and theLCDM model with
similar parameters. Moreover, since we are only intereste
the differences caused by quintessence, we keep other
mological parameters(Vb , Vc , andH0! fixed.

A. Position of the peaks

With the above parameters fixed, the only other param
that can affect the CMB anisotropies is the Hubble para
eter. The Hubble parameter in a quintessence modelHf(a)
is related to the Hubble parameter in aL modelHL(a) at the
samea, by

Hf5HLA12VL

12Vf
. ~34!

Therefore, since for the quintessence models under cons
ation hereVf is quite significant during all the history of th
universe~where asVL is not!, the Hubble parameter in a
quintessence universe will in general be larger than the
in a L universe. The above statement is of course true on
we keepVm , Vf andH0 fixed today which is what we do
for comparing the models.

The position of the peaks depends on two quantities,
sound horizon and the angular diameter distance to L
Since the Hubble parameter is changed by the presenc
quintessence throughout the whole history of the Univer
both of these will be different in the quintessence models

First let us consider the sound horizon. Even though
baryon density is kept the same, hence the speed of sou
3-8
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PLANCK-SCALE QUINTESSENCE AND THE PHYSICS . . . PHYSICAL REVIEW D 66, 043523 ~2002!
FIG. 6. Left: The Newtonian potentialC(t) at k50.01 Mpc21, normalized to21 askt→0. Shown are the same three models of F
2: AS model~dotted!, L ~solid!, and brane model~dashed!. The vertical lines indicate the LSS. Notice the very strong decay of the pote
in the case of the brane model, which leads to a very strong ISW effect. Right: An illustration of the ISW effect for the same mod
models have the same initial power spectrum. The strong ISW for the brane model at COBE scales affects the normalization and r
final anisotropies.
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the same in all three models, the time to the LSS is differ
due to the different expansion rate. Hence the sound hor
given by

r s5E
0

t
* csdt ~35!

is different (t* is the time at last scattering!. More specifi-
cally it is inversely proportional toH which means that quin
tessence models have a smaller sound horizon. This shift
anisotropies at LSS~in k-space! to smaller scales.

Next we have the angular diameter distance to LSS wh
is smaller in the case of quintessence. For the AS model
not much smaller than aL model since the universe star
accelerating at around the same time in both models. In
case of the brane model however that universe is youn
and therefore the angular diameter distance to LSS sma
This fact is related to special features of the particular pot
tial we use for the brane models: Keeping the density fr
tion of quintessence fixed today, the larger the scaling va
of Vf in the radiation and matter eras, the later the ti
when actual acceleration kicks in, and thus the smaller
current age of the Universe. In fact, for these potentials,
creasing the scaling value ofVf in the matter era sufficiently
can make the potential so shallow that the field rolls rig
through the local minimum and there is not acceleration.

From the analysis of@59# the difference inl between
peaks is given by

d l 5p
t02t*

r s
~36!
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where t0 is the time today@ignoring any shifting due to
Integrated Sachs-Wolfe~ISW! discussed in Sec. V C#. The
AS model has roughly the same angular diameter distanc
the LCDM model but a smaller sound horizon. This mak
the peak separation larger. The brane model has the sma
sound horizon of all, but it also has the smallest angu
diameter distance to the LSS since the universe is youn
The two roughly cancel each other and give roughly
same peak separation as in aLCDM model.

Then we have the position of the first acoustic peak. T
AS model has a first peak roughly at the same scale as thL
model. The brane model however has the first peak shifte
larger scales. This is a combination of two effects. One is
much smaller angular diameter distance and the other is
very strong ISW model.

B. Primary anisotropies

Changing the Hubble parameter affects the heights of
peaks through three main effects, the acoustic driving eff
Silk damping and the baryon drag. Acoustic driving affec
all the different kinds of anisotropy sources: intrinsic tem
perature, velocity and quadrupole~see Fig 5!. The acoustic
driving effect on the later will be particularly important fo
polarization~discussed in Sec. V E!.

The driving effect arises from a decaying Newtonian p
tential C before the LSS~see Fig. 6!, as well as from a
decaying space curvatureF ~not to be confused withf
which is the quintessence field!. The Newtonian potentia
and the curvature can be written in terms of the other per
bations as
3-9
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CONSTANTINOS SKORDIS AND ANDREAS ALBRECHT PHYSICAL REVIEW D66, 043523 ~2002!
FIG. 7. Left: The effective temperatureuQ01Cu and the baryon drag term2RC for the cosmological constant and ‘‘brane’’ mode
of Fig. 2 plotted against the scale factor witha51 today. The solid and dotted lines are the effective temperature and baryon drag te
the cosmological constant model respectively while the short-dash and long-dash lines are the same quantities for the bra
Right: The CMB anisotropies for the more realistic models of Fig. 4~right panel!. The effects discussed in the text are still visible but n
as strong. Shown are the BOOMERanG98~solid! @62# and MAXIMA ~dashed! @63# data.
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k2
~Vgsg13Vnsn! ~37!

wherei runs over all species andd, u ands are the density
contrast, velocity divergence and shear as defined in@54#.
The effect of quintessence on the driving effect comes fr
the significant relative densities of quintessence during
radiation and matter era. The scaling value ofVf is always
greater in the radiation era than in the matter era. This res
in a greater difference ofHf from HL in the radiation era
than in the matter era. The result is both the Newtonian
tential and curvature decay faster in the case of quintesse
The effect is an increased driving effect in the case of qu
tessence which increases the temperature anisotropies fo
first few peaks. Since driving occurs for modes which cro
the horizon before matter-radiation equality differences d
to driving are insignificant beyond the third peak. We sho
also note that the same effect occurs by having more spe
of relativistic particles around~e.g. more massless neutr
nos!, the reason being exactly the same.

Then we have Silk damping which is different in the thr
models. The damping coefficientkD is given by

kD
22~a!5

1

6E0

a 1

a4H2k8

R21
4

5
~11R!

~11R!2
da ~38!
04352
e

lts

-
ce.
-
the
s
e
d
ies

whereR53rb/4rg andk is the optical depth. The dampin
coefficient is proportional to the Hubble parameter and
therefore larger in the case of quintessence. Ink-space
anisotropies at largek are damped more efficiently fo
LCDM followed by the AS model and then by the bran
model.

The damping anglel D in l-space is given byl D
'kD(t* )(t02t* ). Since the angular diameter distance
the LSS t02t* is also different the picture is slightly
changed inl-space. The much smaller angular diameter d
tance of the brane model counterbalances the larger dam
coefficient which makes the damping inl-space for the brane
model more apparent than the AS model.

Finally we have the baryon drag. Even if the baryon
photon ratioR is the same in all three models, the Newtoni
potential is not which changes the drag term being2RC. In
fact as also discussed earlier the Newtonian potential de
faster in the case of quintessence which makes the ba
drag less effective~see the left panel of Fig. 7!. The drag
term is the only primary anisotropy left at very small sca
after diffusion damping has damped the acoustic oscillatio
which results in cancellation damping. Cancellation damp
is due to destructive interference from different waveleng
of the perturbations as their wavelength becomes m
smaller than the Compton visibility functionk̇e2k. This sup-
presses the anisotropies by roughly (kt* )21/2 @58#. As we
have seen earlier due to the larger Hubble parameter, q
tessence has a smallert* which results to higher suppressio
due to cancellation damping. Therefore as one looks
smaller scales either ink-space orl-space, the brane mode
will have the smallest anisotropies, followed by the A
model and thenLCDM.
3-10
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PLANCK-SCALE QUINTESSENCE AND THE PHYSICS . . . PHYSICAL REVIEW D 66, 043523 ~2002!
FIG. 8. The CMB anisotropies for the models of Fig. 2. Shown on the left are the anisotropies with the same initial power spect
on the right after COBE normalizing. Due to the strong ISW the anisotropies of the brane model~dashed! are suppressed after normalizatio
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Let us now consider the secondary anisotropies which
change this picture quite a lot.

C. Secondary anisotropies

The most notable secondary anisotropy is the integra
Sachs-Wolfe~ISW! effect. To dramatize this effect for peda
gogical purposes we first consider the models from Fig
which have a higher proportion of quintessence than is
lowed by nucleosynthesis~and an equally badL model!.

The ISW comes from a decaying Newtonian potential
ter the LSS~see Fig. 6!. The standard treatment breaks t
ISW down to early and late ISW. In our case however
have an intermediate ISW as well. The right panel of Fig
shows ISW contribution for the three models while the l
panel of Fig. 8 shows the angular power spectrum for
same models.

The early ISW can be seen on the right panel of Fig. 6
l .100. This corresponds to the decay of the Newtonian
tential right after the LSS shown on the left panel of Fig.
For the quintessence models the decay of the potentia
more rapid which enhances the early ISW effect for tho
models. This will further increase the amplitude of the fi
peak and to a lesser extend higherl-values up to aroundl
5800.

The second effect of ISW comes at larger scales an
very important for the brane model~shown in all the relevan
figures with a dashed curve!. If what we saw today was jus
primary anisotropies then this model should have had
highest first peak of all three models. What we see howe
is exactly the opposite: it has the lowest peak. This is co
pletely due to a very strong ISW which is shown on the rig
panel of Fig. 6. The ISW for the brane model boosts powe
large scales (l ,100) compared to the other models. The
fore it will have a direct effect on COBE normalization~or in
fact any other kind of normalization which includes points
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those scales! which means that the anisotropies have to
scaled down to fit COBE suppressing their small scale m
nitude.

The third effect of the very strong ISW on the bran
model is to shift the first acoustic peak to larger scales. T
is though of lesser magnitude than the same effect cause
the smaller angular diameter distance~discussed in Sec
V A !.

Finally we also have gravitational lensing on the CM
photons. This is more significant on smaller scales. In
case of polarization the effect is smaller than 10% and for
temperature anisotropies even smaller@61#. The effect is a
smearing of the peaks due to mixing ofl-values without
destroying the overall structure of the peaks. We calculat
using the linear evolution method ofCMBFAST and assuming
that quintessence will have the same effect on lensing a
pure cosmological constant. This is reasonable since lik
cosmological constant, quintessence does not cluster
therefore its power spectrum does not contribute to lens
The quintessence power is actually much smaller than
photon or neutrino power which themselves make a v
small contribution and are neglected.

D. Tensor modes

As mentioned previously, the scalar field has no shear
therefore the only effect it has on the tensor modes is thro
the background evolution. The tensor anisotropies are sh
in the left panel of Fig. 11.

The amplitude of the tensor modes is in general much
than the scalar amplitude and the only important contribut
comes at large scales. Even though they do not affect
temperature anisotropy much they are still important as t
createB-type polarization which might be observed.

The tensor anisotropies are mainly due to the tensor I
effect. The anisotropy amplitude on large scales depend
3-11



CONSTANTINOS SKORDIS AND ANDREAS ALBRECHT PHYSICAL REVIEW D66, 043523 ~2002!
FIG. 9. Left: E-type polarization for the same models as Fig. 2 withL ~solid!, AS ~dotted! and brane~dashed!. At large scales the
driving effect on the quadrupole at the LSS enhances the polarization amplitude. Right: TensorE-type ~heavy curves! andB-type ~light
curves! polarization for the same models as the left panel.
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the time at radiation-matter equalityteq. For the quintes-
sence modelteq is larger which raises the amplitude slight
for the AS model. In the case of the brane model however
universe is much younger than the other two which coun
balances the previous effect.

At smaller scalesteq still governs the structure of th
peaks. The AS model due to smallerteq has the peaks shifte
to smaller scales. The brane model has an even smallerteq,
but it gives a younger universe which again counterbalan
the previous effect.

E. Polarization

Polarization depends only on the physics at the LSS,
like the temperature anisotropy which also depends on
evolution since the LSS. It is therefore a direct probe of
physics at the LSS. For a review of polarization see@64#.

E-type polarization for scalar modes is shown in Fig.
The first feature we observe is a difference in the position
the peaks. This is due to the same effects as in the scalaCl
case, i.e. the sound horizon and angular diameter dista
The heights of the peaks are affected by the driving effec
the local quadrupole at the LSS. Therefore in the left pane
Fig. 9 we see again as expected that the AS model has
largest amplitude followed by theL model.

B-type polarization is shown on the right of Fig. 9. W
should note however that lensing can also produceB-type
polarization but we do not discuss it here since in the cas
these models quintessence can be treated like a cosmolo
constant as far as lensing is concerned.

Finally we have the polarization-temperature cross co
lation shown in Fig. 10. The importance of the cross cor
lation has been discussed in@65# for scalar modes and@66#
for tensor modes. Again we see the different oscillation f
quencies due to the different sound horizons and ang
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diameter distances just like the temperature anisotro
case, for both the scalar and tensor modes.

In the scalar case, on scales betweenl .200 and l
,1000 we have the driving effect again giving more cor
lation to the quintessence models. Moreover forl ,600 we
also have the ISW boosting the correlation for quintessen

VI. THE MAGNITUDE-REDSHIFT RELATION

Before concluding we comment briefly on the magnitud
redshift relation for the brane model. The magnitude-reds
relationm(z) for a standard candle of fixed fiducial absolu
magnitude is an essential tool for pinning down the nature
the cosmic acceleration. Different quintessence models
produce different functionsm(z) which can be discriminated
using data from, for example, type Ia supernovae@67,68#.
When considering possible future probes ofm(z) it is essen-
tial to subject the space of possible models to the constr
that the models give a realistic account of cosmic structu
In particular, one can expect the structure-suppressing na
of quintessence to result in substantial constraints on the
nificance of quintessence atz greater than around unity sinc
structure needs to have a chance to form@69#. It is therefore
intriguing that the brane model~which gives a good fit to
cosmic structure data! has some pretty interesting features
m(z).

The right panel of Fig. 11 showsDm(z) for the brane
model ~identical to the model shown in Fig. 4!, a model for
which the dark energy has an equation of statep5wr with
constantw520.9559, and simulated binned data represe
ing 1900 supernova events as might be provided by the
posed SNAP satellite@70#. The m(z) curve for a pure cos-
mological constant model~which was used to produce th
simulated data! is subtracted fromm(z) for the other models
3-12
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PLANCK-SCALE QUINTESSENCE AND THE PHYSICS . . . PHYSICAL REVIEW D 66, 043523 ~2002!
FIG. 10. Cross correlation of temperature and polarization. On the left we have scalar cross correlation for the same models as
the right we have tensor cross correlation for the same models as the left panel.
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to get Dm(z). Except for the choice of theoretical mode
shown, Fig. 11 is identical to Fig. 2 in@67#, where details of
its construction can be found.

The Dm(z) curves for the two dark energy models a
essentially identical up toz'1.3 at which point they diverge
As discussed in@67# there is no question that a SNAP-typ
data set will have a high impact on our ability to discrimina
among models of the dark energy. Our work on the bra
model illustrates how even with a high quality SNAP-cla
04352
e

data set in hand, there could be exciting opportunities
further discriminate among realistic models if a standa
candle could be found that is effective out to higherz.

VII. CONCLUSIONS

We have presented a detailed investigation of a clas
quintessence models motivated by our earlier work@19#.
These models employ a particular mechanism~the exponen-
ffects.

ally
play a
FIG. 11. Left: TensorCls for cosmological constant~solid!, AS ~dotted! and brane~dashed! of Fig. 2 with the same initial power
spectrum. The upper panel shows large scales (l ,100) where the differences between the models are due to different tensor ISW e
The lower panel shows smaller scalesl .100. The peak structure reflects the time of radiation-matter equality~see text!. Right: Dm(z) for
the brane model~heavy curve! and aw5const520.9559 model~dashed curve!, along with simulated SNAP data. The curves are essenti
identical up toz'1.3 at which point they diverge. If a standard candle could be found that is effective at high redshifts it could
significant role in discriminating among these types of models~we thank J. Weller for producing this figure!.
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CONSTANTINOS SKORDIS AND ANDREAS ALBRECHT PHYSICAL REVIEW D66, 043523 ~2002!
FIG. 12. A possible future comparison of the AS and brane models with aL model using MAP data. On the left we have the AS mod
of the right of Fig. 4 compared with aL model withh50.75, VL50.7005,Vb50.053,Vc50.2465 andk50.1. On the right we have the
brane model of the right of Fig. 4 compared with aL model withh50.75, VL50.66327,Vb50.053,Vc50.28373 andk50.1. The two
L models were chosen to match the first peak and at the same time the rest of the curve as close as possible. On the bottom of
we show the residuals of the two corresponding models with MAP error bars~we thank L. Knox for providing the MAP error bars!.
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tial potential with a prefactor! which allows realistic models
to be produced with all potential parametersO(1) in Planck
units. The potentials have a reasonable chance of develo
strong theoretical foundations in brane theory or other th
ries with extra dimensions. The work presented here
taught us that these models also have an interesting and
tentially observable impact on the formation of cosmic str
ture. The same mechanism that makes these models a
tive from the point of view of fundamental physics caus
the quintessence to play a much more significant r
throughout the history of the Universe. This feature leads
interesting effects on the microwave background aniso
pies, the matter power spectrum and the magnitude red
relation that result in potentially observable differences fr
the predictions of other dark energy models. We have ex
sively examined the physical causes and the nature of t
effects.

To illustrate the possibilities, Fig. 12 shows the full CM
temperature anisotropy power spectrum for the brane~right!
and AS~left! models, containing all the effects discussed
this paper. Each plot also shows theL model which best
mimics the corresponding quintessence model. The lo
panel of each plot shows that despite the closeness of the
curves, they are potentially differentiable by the MAP da
@and of course we will eventually have much more than j
c

ein
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the Microwave Anisotropy Probe~MAP! data set#.
One issue which still needs to be addressed is the de

to which the signals we have discovered can realistically
differentiated from all possible mimicking behavior due
the dependence of the predictions on a range of cosmolog
parameters~the mimickingL models in Fig. 12 were pro-
duced ‘‘by hand,’’ by making a thorough but not complete
exhaustive exploration of all possible parameters!. This pa-
per lays the groundwork for such a project. The full impa
of our results will not be known until this issue is address
in a more systematic way.

Still, it is quite interesting that our quintessence mod
give predictions that fit all existing constraints, and whi
leave a potentially unique set of signals that could be
served with future experiments.
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