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Planck-scale quintessence and the physics of structure formation
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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 paréimeters
particulr Hy) 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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[. INTRODUCTION pendently of initial conditions. Still one had to introduce a
small scale into the Lagrangian in order to achieve this. One
Current evidence that the expansion of the Universe isvay forward with these models is to try and construct a
acceleratind 1], if confirmed, requires dramatic changes in specific explanation for these small parame{@&29.
the field of theoretical cosmology. Until recently, there was In a recent papef19] we discussed a class of quintes-
strong prejudice against the idea that the Universe could bsence models which, like the “tracker” models, would pro-
accelerating. There simply is no compelling theoreticalduce the desired effect of an accelerated universe, indepen-
framework that could accommodate an accelerating universelently of the initial conditions. The model was based on the
Since the case for an accelerating universe continues to builsure exponential potential which was known to possess at-
(see for exampl¢2]), attempts have been made to improvetractor solutiong37—43. The pure exponential however, in
the theoretical situation, with some modest success. Stilthe attractor regime, cannot produce a realistic accelerated
major “fine-tuning” problems remain. expanding universe. In our previous paper we showed that
All attempts to account for acceleratipd—35| introduce  when the exponential potential is modified by a polynomial
a new type of mattefthe “dark energy” or “quintessence”  prefactor, we can keep the attractor solutions during most of
with an equation of stat@,=wgp, relating pressure and the history of the universéand therefore the independence
energy density. Values aofi,<—0.6 today are preferred by from the initial conditiongwhile at the same time producing
the datg36] and in many model# , can vary over time(In an accelerating scale factor today. The new nice feature of
this framework, a plain cosmological constant is the casehe model, not found previously in other models, was that all
wherew,=—1 independent of timg.Most models with a the parameters involved wef@(1) in Planck units. Since
varyingw,, are based on a simple scalar field with a specificthen, a number of authors have taken this idea in interesting
potential in the Lagrangian. In addition to the standard ingredirections[45,46], which adds to the case for pursuing the
dients fed into the Friedmann-Robertson-WalkeRW) cos-  observable effects of our model on cosmic structyie
mology, one introduces a scalar field which in general has also note that yet another class of models using simple
varyingw,. If the value of 13w, , becomes negative Planck-scale physics have been propdsi.)
(with the assumption that the photon and neutrino contribu- In this paper we consider the evolution of small perturba-
tions to the total density of the Universe is small compared tdions for the former potential and discuss the implications on
the rest of the mass enelgthe universe enters an era of the cosmic microwave backgrou@@MB) and structure for-
accelerated expansion. mation. In particular the recent Boomerang and Maxima data
The evolution of spatially homogeneous scalar fields in arsuggest that the Hubble constant might be larger than the so
FRW cosmology has a long history in the context of cosmicfar accepted value of 65 km&Mpc™L. In this case if one
inflation, but the inflaton fields do not play a significant role normalizes the data to Cosmic Background Expl@®BE),
today. In the past two years scalar fields have been considhe standard cold dark matter model with a cosmological
ered which can produce an accelerated expansion in theonstant A CDM) does not do that well for the observed
present epoch. This area has been stimulated by the growingatter power spectrum. The former potential seems to do
evidence for cosmic acceleration today. The additional scalaslightly better. One of our important results comes from a
field matter is known as “quintessence” or “dark energy.” In modification to the potential reported {i9], inspired by
the early models one had to fine-tune the initial conditions of‘brane” physics which results in a number of novel features.
the field in order to get an accelerated expanding univers®ne of these features is a much better joint fit to the matter
today, a feature which is very undesirable. Later on the verpower spectrum and CMB anisotropy powetr.
interesting category of “tracker” quintessence models were As with all quintessence models, the foundations of these
created, in which the field gives the desired behavior indemodels still leave plenty of room for improvement. The situ-
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ation does not justify attaching great significance to the preFRW scale factor and a dot denotes differentiation with re-
cise details of the models, nor to the exact values of thepect to conformal time.. Moreover the assumption of ho-
model parameters. The reason we single these models out fotogeneity and anisotropy forces the spatial derivatives of
special investigation of the perturbations is that they havehe field to zerog ;=0. The action simplifies and takes the
interesting properties that are different from other quintesform of one particle Lagrangian mechanics in two dimen-
sence models. In particular, in these models, the quintessens#ns with coordinatea(7) and ¢(7):

density is a significant fraction of the total density through-

out the history of the Universe. This leads to differences in o 1,

how the quintessence impacts the evolution of perturbations S[a(T)"f’(T)]:f dr) 3a —pa%¢ +a Vig). (2
which we find interesting as a general effect, and which

could lead to observational signatures.

The structure of this paper is as follows. First we review
the evolution of scalar fields in an FRW cosmology. We dis-
cuss in particular the two mentioned potentidie one from
[19] and the “brane” variation emphasizing the relevant S\ 2
physics and noting the differences between the two of them. 3<i> =i¢2+V(¢) 3)
Then we present the evolution of small perturbations for the a2 2a2
two fields at hand and discuss the various effects. The evo-
lution of perturbations is different in the two models which and therefore the field density is
leads to considerable differences in the power spectra. The
effect of the additional dark energy in the universe on the 1.
matter power spectrum is discussed next. We consider pa- p¢=—2¢2+V(¢). 4)
rameters of the models that give goag's and fit the newly 2a
published decorrelated data of Hamilton et[&5,56. Fol- o , , ) ,
lowing that we focus on the related physics that affect thevariation with respect to the fielg(7) gives the field equa-
CMB and also discuss the difference between the two mogdtion of motion
els andA models. A short section on the magnitude-redshift
relation follows and finally we draw our conclusions.

The canonical momenta arp,=6a and p,=a?¢. The
Hamiltonian constraintH=0 (H being the Hamiltonian
gives the first Friedmann equation

. a.
G+2-+ a?V 4=0, (5)
II. EVOLUTION OF THE BACKGROUND

Let us review the background evolution for a scalar fieIdWhe_r e 0y der_10t_es de_rlvat|ve with respect
cosmology. This section does not introduce anything new _Finally variation with respect to the scale facta(7)
(except the final part which introduces the new potensati ~ 91ves the second Friedmann equation
is merely intended for the new readers not familiar with the . L
subject. We use a+ —— —) metric signature, with Greek a 9 .
indices running from 0 to 3 and Latin indicéspatia) from 65_ a ;d’ TAV=py— 3Py ©®
1 to 3. Index free 3-vectors are denotedxaand 4-vectors
asx. Unless otherwise stated, all units will be Planckian withfrom which we get the field pressure as
M,=11ke=(87G)("¥2=1, k, being Einstein’s constant
and M, being the Planck mass. We assume that the zeroth 1 .
order cosmology is flat FRW in the conformal synchronous Py=——0"—V(¢). (7)
gauge. Finally when we use subscripts on variables they will 2a
have the following meaningsn for pressure-less mattéof
any kind, c for cold dark matter(CDM), b for baryonic
matter,y for photons,v for neutrinos,r for radiation(pho-
tons and neutringsA for a cosmological constant arfifor
the scalar field.

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

A. Cosmological scalar field evolution

The point of departure is the action functior&for the q=— %‘:E(1+3W¢Q¢+Qr) (8)
scalar field¢ with potential V() and gravity with metric a? 2
d.p and scalar curvaturi, _ - '
- WZ?@‘% aner' arle the relative densities of the field and
radiation respectively.
S[gaﬁ'd’]zj d4x\/—_g[§—§¢yﬂ¢'”+V( ¢ (D) In order to accelerate the universe a necessary and suffi-
cient condition is that the deceleration parameter becomes
Since the background metric has been fixed by our assumpregative(in the last equation the dot denotes a derivative
tions we can use/—g=a* andR= —6(a/a’) whereais the  with respect to real time
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FIG. 1. Left: Relative densitie® as a functiora for the exponential potential. The solid curve corresponds to pressureless matter with
0 ,,~0.88 today, the dotted curve corresponds to radiafier2.726 K today and the dashed curve corresponds to the scalar field with
Q,4,~0.12 (\=5) today. Radiation-to-matter transition is arouaet 104 anda=1 today. Right: Evolution of the equation of state
parametew,, and the deceleration parametpas a function of for the same model. The solid curve corresponds nd the dotted one
to g. The attractor causes,, to simply mimic thew of the dominant form of matter s, can never be negative in the attractor regime of
a pure exponential potential.

from the attractor solution that the attractor has not been
reached even todd4]. Finally, it is also possible for quin-
fessence to be coupled to matter, which can also give accel-
eration for a pure exponential potentjaR,33.

B. The pure exponential potential

One very interesting potential is the exponenthl
=V,e M. This potential has been shown to have attracto
solutions[37,38]; that is, regardless of initial conditions, the
field eventually scales like the dominant matter component.
For a detailed discussion sp3].

If the dominant component energy densjty scales as . I .
po=po(ao/a)" then the scalar field approaches an attractor The attractor behavior of the exponential is appealing and

solution and its relative density is given By, =n/\2. This it would be nice if we could modify it in such a way as to
. . . YIS g AT keep this behavior for most of the history of the Universe
is a special case of scaling a field—a classification of sucr()ind at the same time get an accelerated universe today. In-

fields can be found if44]. d . . S :
; . ... _deed we showed in a previous pap#9] that this is possible
During the attractor era the relevant physical quantltlesoy including a prefagtor in ffongc gf the expoﬂentiM

are =Vp(¢>)e*”‘/’. The effect of the prefactor is to introduce a
local minimum in the exponential such that the field gets

C. Modifying the exponential potential

py= =—¢? (9)  trapped into it. After the field gets trapped it starts behaving
6-—n na’ like a cosmological constant and the Universe eventually en-
_ ters an era of accelerated expansion. In our previous paper
a 2 \1 we used a polynomial prefactor. The full potential then takes
2 m); (10 the form

V=V,[(¢—B)>+Ale . (11)

wheren=3(1+w).

Figure 1 shows the evolution of the relative densities in a
universe with such a field, with the scale factor. Notice theThrough this paper we refer to this potential as the “AS”
change of the relative density in the field from the radiationmodel.
to the matter era. Sinog simply mimics thew of the domi- The left panel of Fig. 2 shows the cosmological evolution
nant matter, it is impossible to get an accelerating universe inf relative densities in an AS model. One noticeable feature
the attractor era. It is possible to avoid the attractor if oneof this model is the breakaway from the attractor behavior at
chooses\ < n. In that case the attractor is not there but thelate times. This will be important for structure formation as
field will have its own scaling behavior wim¢=x2/3— 1.1t  the field density becomes very small when structure begins
is also possible to choose initial conditions sufficiently farto form and so it does not affect structure formation much.
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FIG. 2. Solutions obtained by including\, factor in the potential. We shof2 , (dashedgi Q, (solid) and{}, (dotted. Radiation-to-
matter transition is around=10"“* and a=1 today. Both models have a Hubble constaht=65 kms *Mpc™*, Q,=0.7 andQ,
=0.3 today. Left: The AS model with=5, B=54.4057, andA=.01. Notice the behavior of the field at late times wh@rgis reduced

to almost zero. That is the period of structure formation so the field does not affect structure formation much. Right: The brane model with

A=5, B=56.10425,A=.01,C=1 andD=0.1. Notice that the behavior of the field at late times is different from the AS model in a sense
that the field retains a significant amount of energy density. This behavior affects structure formation as well as the CMB.

Lastly we should note that trapping takes place indepen- The right panel of Fig. 2 shows the evolution of relative
dently of initial conditions of the quintessence field in the densities with the brane potential. During radiation era it
very early Universe. This is because the Universe is drawibehaves like the AS potential. During the matter era however
into the attractor at early times. Since the field is in theit retains significant density unlike the AS potential. This has
attractor solution by the time it approaches the local mini-a significant impact on both structure formatiémhich is
mum there is no memory of the initial conditions. There is agyppressedand the CMB as we shall see later.

variety of possible behaviors at the local minimum. If the T4 ynderstand why there is such a difference we plot the
minimum is very shallow the field can roll through rather equation of state parameterwith the scale factor in Fig. 3.
than be trapped. It is also possible to choose parametefg ihe case of the AS model, soon after the field enters the
which remove the local minimum, but the field still lingers matter era attractor wheng should go eventually to 0, the

long enough to cause an era of accelerated expansion. Fﬁéld instead rushes toward the minimum of the potential and

) " ’ ! )
trapping a necessary condltl_onAQ\ =1. The various be then undergoes damped oscillation. During that time the en-
haviors and their corresponding parameter ranges have begp density of the field falls off significantly faster than the
investigated i{47]. ay y 9 y

Instead of choosing a polynomial prefactor it is possibleenergy den_sity of t_he prgssureless matter. Th.is behavior cor-
to have the desired accelerated expansion by using a diffef€SPONds with a briefise in w(a). Due to damping from the
ent functionV( ). An oscillating term for example could do €XPansion however, the oscillations eventually stop, the field

the job[31]. Here we give another form which can accelerateS€ttles in the minimum and starts behaving like a cosmologi-
the universé cal constant. This is shown by the subsequent oscillations of
w with decreasing amplitude untiv goes to—1.

In the case of the brane model the potential has a much
smoother minimum but sharper maximum. In that case the
field stays longer in the attractor regime until suddenly it gets
trapped in the minimum without oscillating. The effect is that
w remains zero during most of the period of structure forma-
Such a potential could arise from the various brane modeldon (with the field in the matter attractor regimand then
as a Yukawa-like interaction between brahé8] (we will goes to—1 directly to start accelerating the Universe. This
call it throughout this paper the “brane” model allows the field to retain the significant amount of energy

density seen previously. Moreover because of this, the brane
model starts accelerating the Universe later than the AS
This model was developed jointly with Wellg48]. model.

e M\ (12

C
V=|————+D
[(¢—B)2+A
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FIG. 3. The equation of state parametefsolid) and deceleration parametgrdotted for the same two models of Fig. 2. On the left
we have the AS model and on the right the Brane model. The difference of the two models seen in Fig. 2 is seen agaw (seeethre
text for more details Acceleration begins aroura=0.7—-0.9 wherg becomes negative.

Another question concerning both potentials above is thep,(7) represents the zeroth order homogeneous field, i.e.
stability of the local minimum under quantum tunneling. It V¢,=0. We can then form the stress-energy tensor from
has been shown however that tunneling is negligible whictwhich we can read the perturbed dengity pressureé®; and
renders the minimum in both potentials effectively stablevelocity divergence of the field. It is important to note that
[48]. the shear is zero independently of the form of the potential.

Finally we should say that the tightest constraint comesThe quantities of interest ik spaceare
from requiring that} , not be too large during nucleosynthe-
sis [50] (at a~10"19). For Q41 MeV)=<0.1 we get that 1. .

A=6.3. The models shown in Fig. 2 do not obey this con- Pl:§¢0¢l+v,¢¢l (14
straint because they were chosen to dramatize the different
behaviors. When comparing with data, we use more realistic

1. .
rameters.
parameters P,= §¢0¢1_V,¢>¢1 (15
IIl. DENSITY PERTURBATIONS
2
To make a connection with the real universe one has to o= k.(ﬁl_ (16)
consider the growth of small perturbations about an FRW bo

metric. For extensive reviews see for exam@g&—54. Here _ _ _ _
we adopt the conventions of Ma and Bertsching#t]. We  The field perturbation obeys a Klein-Gordon equation
start with a line element given by

. a. 1..
ds?=a%(7)[ —dr?+ (8 +h;j)dxidx] (13) $1+2-+ (K2+a%V 4y) 1t Shpo=0  (17)

with h;; being the metric perturbation in the synchronousyhereh is one of the metric perturbations as defined5d].
gauge. The metric perturbation is split into scalar, vector angrpe apove 2nd order equation is equivalent to the two 1st

tensor modes as usual. order equation$29) of [54].
It is important to note that the field has an intrinsic en-
A. Perturbations in the scalar field tropy perturbatior§, related to the pressure and density per-

Here we give the relevant equations for the perturbationfurbations by
in the quintessence. For an extensive review of scalar field op
perturbations in cosmology see for exam@@,53 and for P,=c2pi+—
the first applications in the case of quintesse8]. s JS o
To include scalar fields into the perturbations let us write
the field as ¢(x)= ¢o(7)+ d1(X) with ¢,<¢py, where where the adiabatic speed of sourﬁiis given by

S (18)
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Po 232V Assuming that only photons and quintessence are domi-
c§=—= 1+ — % (19 nant during that perigdwe find for the gravitational pertur-
Po al . bationh
3|3/ %o

?h+7h+6Q,8,+3(1+3c5,)045,=0.  (26)

In general the field perturbations are not adiabatic and therq:-Or superhorizon perturbations we assukres1 and there-

2 _ H 2 H
for?_rfw_;) 1/p1 IS r;qt .eq“a' ttoci f(as nc()jted tals(cj)_ '@30]%' fore for the fastest growing mode to first ordey=0 and
' Neabove point Is Important for understanding why evens _ — 2h which come out from using adiabatic initial con-
if quintessence has the same equation of state as CDM dug?.

. VI itions. After combining the last six equations we get
ing matter domination it nevertheless does not clump. It al 9 q 9
boils down to how the Jeans length is defined. In the case of

CDM, the Jeans length is zero by definition, contrary to 725+7h_4(1_i h+ §(27¢1+ $1)=0 (27)
quintessence where it can be as large as the hofdepend- 2 A

ing on the model In our case the effect of entropy pertur-

bations is to build up non-zero pressure perturbations even ”-, . 2 . .

when c,=0, and that pressure will resist gravitational col- T ¢1+27¢1+4¢1+X7h:0 : (28)

lapse.

Another thing to note about the field equatidiv) is the  Let h=C7™ and ¢,=D+". Thenm has the possible values
physical meaning of the various terms. The Hubble expanef
sion provides a time-dependent “drag” term and the poten-

tial a time dependent “mass” term. The last term gives the 64
gravitational sources for the field perturbations. —1= X 15

B. Growing super-horizon perturbations in the radiation era

In our model, deep in the radiation era we can assume that The growing physical mode is the one proportionakto
the field is in the attractor and that the potential is a purd-or the coefficient<C andD we get(a result found by Fer-
exponential. In this case we can use the analysis of Ferreirgira and Joyc¢43])
and Joycd43] to find the dominant initial conditions for the

scalar field. We should note that the initial conditions given 2
L o, D=-—C (30)
here are curvature initial conditions. 5\
We can use Eq10) with n=4 for the radiation era. Then
we have for quintessence This gives
_av= 2 1) =ié (31
pp=3V= 4_a2¢0 (20 ¢~ 15%"

C. Initial conditions

2: % (22 From the analysis of the previous section we can form the
initial conditions following the procedure in Ma and Bertsch-
inger [54]. From the previous section we found that the

4 physical superhorizon growing mode i, = — (2/5\)C7?
Qy=— (22 =—(2/5\)h. Since this mode is an attractor in the phase
A space of solutions to Eq&27) and (28) we can assume that
the initial conditions for¢, are

5= (riby— ) 23 2 . 2.

73 ¢1=—gh di=—gh (32)

, T+ by In other words we start the perturbations in the attractor so-

we= (24 lution.
Th1— b1 These initial conditions along with the initial conditions

for radiation and matter are adiabatic. Any other set of initial

72¢1+2T¢1+[(k7)2+4]¢1+§Th=o (25)

2This does not mean that we neglect the CDM perturbations but
only thatp.<p, during the radiation era. The CDM density contrast
where 8=p, /p, is the density contrast for a given species. is still given by the adiabatic relatiod,= 25, .
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FIG. 4. Left: The effective dimensionless growth raig for four different models ak=0.1 Mpc . At early timesn—2 for all
models, due to the? dependence of the growing superhorizon modes. Growth is suppressed in the radiatios 208 (Mpc) and in the
¢ era(today). In the matter era sCDNdash-dotteflhas the most growth, thekCDM (solid), AS (dotted and finally with the least growth
the brangdashegl The last two are the same models shown in Fig. 2. Right: The matter power spectrum normalized to COBE using the
Bunn-White fitting formula. The plotted models afe(solid), AS (dotted and brangdashegl All the models haven=0.75, 1,=0.297,
Q,=0.053 and ,=0.65. Here we have used more realistic quintessence parameters consistent with nucleogyattiesisame as those
in Fig. 2. In particular for the AS modekh=8, B=33.9627,A=0.01 and for the brane modal=8, B=35.13689,C=0.01 andD
=0.01. The data points are the decorrelated data of Hamilton 55566

conditions for the field are actually unstable and will rapidly For a ACDM model howeverng, after growing for a

evolve into the ones stated here. while, eventually drops down to zero. This happens when the
universe enters the accelerating era where the perturbations
IV. STRUCTURE FORMATION leave the horizon and structure stops forming.

The two quintessence models considered here have a
First we investigate the growth of structure with time us-similar effect to aA CDM model. The only difference is the

ing the density perturbations as a guide. Then based on thakistence of a significant amount of dark energy during the
investigation we give the resulting matter power spectrunmatter era. This results in a suppression of structure forma-
and explain its form. tion since the amount of dark matter is less and therefore
structure forms less efficiently. As stressed in Sec. Il A, even
whenw,=0 quintessence can have pressure perturbations
which allow it to resist clumping.
One intuitive and important quantity is the dimensionless This is not very important for the AS potentia| since as

A. The growth of structure

growth rate for the cold dark matter, one notices from Fig. ), goes very close to zero before
i the accelerating era. Therefore in that model structure is just
28 a little bit suppressed compared t)A& DM model, but not
Meft =775 (33 by much.
Cc

For the brane potential however the above effect is much
This quantity gives an instantaneous measure of the growtdtronger. In fact}, stays quite significant during all of the
rate of structure. The time evolution of is shown for a matter era. Therefore for that potential, structure growth is
number of models on the left panel of Fig. 4. Initially, out- €ven more suppressed as one can see from Fig. 4. Not only
side the horizon,ngg=2 completely independent of the do we have the acceleration era like before which suppresses

model of structure formatioffor a flat universg This is due  Structure anyway, we also have a significant amount of quin-

to the fact that because of causality the form of the backiessence which does not cluster. This means that the amount
ground energy density is not re|evant, on|y the amount. Aftepf ClUStering matter is even less in this case so structure is

entering the horizon, the growth of structure is suppresse@ven more suppressed.

during the radiation era simply because dark matter is ex-
tremely sub-dominant. During the matter era, dark matter
becomes dominant and in the case of a standard CDM Based on the reasoning of the previous section, we can
(SCDM) model,ng eventually reaches the value of 2 again. predict the form of the matter power spectrum. For the AS

B. The matter power spectrum
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FIG. 5. Left: Primary anisotropies for the models of Fig. 2 split into intrinsic temperdiypper set of curves on upper panel
velocities(lower set of curves on upper pahahd local quadrupol@ower panel. The differences between models due to the driving effect
are visible in all of them. The driving effect on the quadrupole in particular is important for polarization. Right: Primary temperature
anisotropies for the same models, as would have been observed today if there was no other anisotropy source. The driving effect is visible
on the first two peaks.

model we expect the power to be a bit less thanfanmodel at the LSS, the primary anisotropies are different compared
with the same cosmological parameters. The brane modelith other models. In this section we drop sCDM from con-
should exhibit additional suppression. This is indeed the casgideration and compare the remaining three models discussed
as one can see in the right panel of Fig. 4. above: the AS and brane models, and AfeDM model with

If we use a Hubble constant of 75 kmMpc™?!, even similar parameters. Moreover, since we are only interested in
though structure is suppressed for the brane model, it fits thihe differences caused by quintessence, we keep other cos-
data very nicely. All of the models shown in the figure havemological parametersl,,, (0., andH,) fixed.
h=0.75 (with Hy=100h kms Mpc™ 1), dark matter(),
=0.297, baryon(),=0.053, (1 ,=0.65 and some reioniza-
tion with optical depthx=0.1. The corresponding CMB
anisotropies are shown later in the right panel of Fig. 8. The With the above parameters fixed, the only other parameter
0g's 1.08,0.96 and 0.77 fok CDM, AS and brane potentials, that can affect the CMB anisotropies is the Hubble param-
respectively. eter. The Hubble parameter in a quintessence meggh)

It is not the goal of this paper to scan all of parameteris related to the Hubble parameter idanodelH ,(a) at the
space and compare a wide range of models, and we are neamea, by
suggesting that any of the models in Fig. 4 are the best fitting
model of their type. Figure 4 is intended to illustrate the H —H [1=Qy) (34)
physical differences of the different types of models by hold- ¢ 1A 1-04
ing as many aspects as possible constant across the four

models. Figure 4 also illustrates the somewhat surprising re-h ; . for th . del q id
sult that it is possible for models with significant contribu- Therefore, since for the quintessence models under consider-

tions from the dark energy at early timése., the brane atipn here() , is quite signiﬁcant during all the history of the
mode) to provide a good fit to the data. universe(where as(), is not), the Hubble parameter in a
quintessence universe will in general be larger than the one
in a A universe. The above statement is of course true only if
we keepQl,,, , andH, fixed today which is what we do
Last we give the CMB anisotropy power spectrum andfor comparing the models.

investigate the various physical effects due to the field. We The position of the peaks depends on two quantities, the
follow the analysis of Hu and Sugiyania7—60. Following  sound horizon and the angular diameter distance to LSS.
the common practice we divide the CMB anisotropies intoSince the Hubble parameter is changed by the presence of
primary and secondary. The primary anisotropies are thguintessence throughout the whole history of the Universe,
ones formed at the last scattering surfélc8S), the second- both of these will be different in the quintessence models.
ary being the ones due to the subsequent cosmological evo- First let us consider the sound horizon. Even though the
lution. Because of the significant quintessence energy densityaryon density is kept the same, hence the speed of sound is

A. Position of the peaks

V. THE COSMIC MICROWAVE BACKGROUND
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FIG. 6. Left: The Newtonian potentidlf (7) atk=0.01 Mpc !, normalized to- 1 askr— 0. Shown are the same three models of Fig.
2: AS model(dotted, A (solid), and brane modéHashed The vertical lines indicate the LSS. Notice the very strong decay of the potential
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 models. All

models have the same initial power spectrum. The strong ISW for the brane model at COBE scales affects the normalization and reduces the
final anisotropies.

the same in all three models, the time to the LSS is differentvhere 7, is the time today{ignoring any shifting due to
due to the different expansion rate. Hence the sound horizolmtegrated Sachs-WolfdSW) discussed in Sec. VICThe

given by AS model has roughly the same angular diameter distance as
the ACDM model but a smaller sound horizon. This makes
s the peak separation larger. The brane model has the smallest
M's= fo csdr (39 sound horizon of all, but it also has the smallest angular
diameter distance to the LSS since the universe is younger.
is different (7, is the time at last scatteripgMore specifi- The two roughly cgncel gach other and give roughly the
cally it is inversely proportional téi which means that quin- S8M€ peak separation as il\&DM model. _
tessence models have a smaller sound horizon. This shifts the 1Nen we have the position of the first acoustic peak. The
anisotropies at LS®in k-spacg to smaller scales. AS model has a first peak roughly at the same scale a4 the
Next we have the angular diameter distance to LSS whictinodel. The brane model however has the first peak shifted to
is smaller in the case of quintessence. For the AS model it iirger scales. This is a combination of two effects. One is the
not much smaller than A model since the universe starts much smaller angular diameter distance and the other is the
accelerating at around the same time in both models. In theery strong ISW model.
case of the brane model however that universe is younger
and therefore the angular diameter distance to LSS smaller.
This fact is related to special features of the particular poten- B. Primary anisotropies

tial we use for the brane models: Keeping the density frac- Changing the Hubble parameter affects the heights of the

tion of quintessence fixed today, the larger the scaling Va'”‘foeaks through three main effects, the acoustic driving effect,
of Q4 in the radiation and matter eras, the later the timeS

h tual leration kicks i d thus th ler th ilk damping and the baryon drag. Acoustic driving affects
when aclual acceleration KICks In, an us the smallertne, e gifferent kinds of anisotropy sources: intrinsic tem-
current age of the Universe. In fact, for these potentials, 'nberature velocity and quadrupaisee Fig 5. The acoustic
creasing the scaling v_alue B, in the matter era suff|C|entI_y driving effect on the later will be particularly important for
can make the potential so shallow that the field rolls right olarization(discussed in Sec. VE
through the local minimum and there is not acceleration. P The drivi ffect ari f ' q ina Newtoni

From the analysis of59] the difference inl between he driving efiect arises from a decaying Newtonian po-
peaks is given by tenUaI_\If before the LSS(see Fig. §, as well as frqm a

decaying space curvatur@ (not to be confused withp

N which is the quintessence figldThe Newtonian potential
0~ Tx

(36) and the curvature can be written in terms of the other pertur-
bations as
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FIG. 7. Left: The effective temperatu{@®,+¥| and the baryon drag term R¥ for the cosmological constant and “brane” models
of Fig. 2 plotted against the scale factor with-1 today. The solid and dotted lines are the effective temperature and baryon drag term for
the cosmological constant model respectively while the short-dash and long-dash lines are the same quantities for the brane model.
Right: The CMB anisotropies for the more realistic models of Figight pane). The effects discussed in the text are still visible but not
as strong. Shown are the BOOMERanG88lid) [62] and MAXIMA (dashedl [63] data.

332H2 3aH whereR=3p/4p ., and « is the optical depth. The damping
d=- D08+ —(1+w) Q6 coefficient is proportional to the Hubble parameter and is
2k? 7 k? therefore larger in the case of quintessence.kigspace

anisotropies at larg&k are damped more efficiently for

ACDM followed by the AS model and then by the brane
(Q,0,+30,0,) (37 ~ model _ _ .

The damping anglely in I|-space is given bylp

~Kkp(7,)(7o— 7,). Since the angular diameter distance to
wherei runs over all species a8l 6 ando are the density the LSS 7o— 7, is also different the picture is slightly
contrast, velocity divergence and shear as definef#).  changed in-space. The much smaller angular diameter dis-
The effect of quintessence on the driving effect comes fronfance of the brane model counterbalances the larger damping
the significant relative densities of quintessence during th&oefficient which makes the dampinglispace for the brane
radiation and matter era. The scaling value(f is always ~Model more apparent than the AS model.
greater in the radiation era than in the matter era. This results Finally we have the baryon drag. Even if the baryon to
in a greater difference dfi, from H, in the radiation era photor_1 ratioR is th(_e same in all three models, tht_a Newtonian
than in the matter era. The result is both the Newtonian poPotential is not which changes the drag term beirlgV'. In
tential and curvature decay faster in the case of quintessend@ct as also discussed earlier the Newtonian potential decays
The effect is an increased driving effect in the case of quinfaster in the case of quintessence which makes the baryon
tessence which increases the temperature anisotropies for tAEA less effectivésee the left panel of Fig.)7 The drag
first few peaks. Since driving occurs for modes which cros4€'m is the only primary anisotropy left at very small scales
the horizon before matter-radiation equality differences duéfter diffusion damping has damped the acoustic oscillations,
to driving are insignificant beyond the third peak. We shouldhich results in cancellation damping. Cancellation damping
also note that the same effect occurs by having more specié$ due to destrucfuve mterferepce from different wavelengths
of relativistic particles arounde.g. more massless neutri- Of the perturbations as their wavelength becomes much

6a’H?

V=b-—3

nos, the reason being exactly the same. smaller than the Compton visibility functioge ™ ~. This sup-
Then we have Silk damping which is different in the threepresses the anisotropies by roughksr() Y2 [58]. As we
models. The damping coefficiekg is given by have seen earlier due to the larger Hubble parameter, quin-

tessence has a smallgy which results to higher suppression

4 due to cancellation damping. Therefore as one looks at
1ra 1 R?+ §(1+ R) smaller scales either ik-space oil-space, the brane model
kBZ(a):—J da (3g)  Will have the smallest anisotropies, followed by the AS
6Joa’H%%’ (1+R)? model and then\ CDM.
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FIG. 8. The CMB anisotropies for the models of Fig. 2. Shown on the left are the anisotropies with the same initial power spectrum and
on the right after COBE normalizing. Due to the strong ISW the anisotropies of the brane (thastebd are suppressed after normalization.

Let us now consider the secondary anisotropies which cathose scal@swhich means that the anisotropies have to be
change this picture quite a lot. scaled down to fit COBE suppressing their small scale mag-
nitude.

The third effect of the very strong ISW on the brane

odel is to shift the first acoustic peak to larger scales. This
IS though of lesser magnitude than the same effect caused by
he smaller angular diameter distan@gdiscussed in Sec.
A).

Finally we also have gravitational lensing on the CMB

photons. This is more significant on smaller scales. In the

The ISW comes from a decaying Newtonian potential af'case of polarization the effect is smaller than 10% and for the
ter the LSS(see Fig. 6 The standard treatment breaks the ) i X
temperature anisotropies even smallét]. The effect is a

ISW down to early and late ISW. In our case however W€ mearing of the peaks due to mixing bfalues without
have an intermediate 1SW as well. The right panel of Fig. 6destro ig the ovgrall structure of thegeaks We calculate it
shows ISW contribution for the three models while the left2c>10Y!NY P ’

; using the linear evolution method afMBFAST and assuming
panel of Fig. 8 shows the angular power spectrum for theE : ) .
same models. hat quintessence will have the same effect on lensing as a

The early ISW can be seen on the right panel of Fig. 6 apure cosmological constant. This is reasonable since like a

|>100. This corresponds to the decay of the Newtonian pog:osmologlcal constant, quintessence does not cluster and

tential right after the LSS shown on the left panel of Fig. 6_';_h;refor_e its power spectrum does”not coEtributﬁ o Ihensinr?.

For the quintessence models the decay of the potential i € quintessence power Is actually much smaller than the
! ) hoton or neutrino power which themselves make a very

more rapid which enhances the early ISW effect for thos small contribution and are neglected

models. This will further increase the amplitude of the first '

peak and to a lesser extend higharalues up to around

=800.

The second effect of ISW comes at larger scales and is As mentioned previously, the scalar field has no shear and
very important for the brane modehown in all the relevant therefore the only effect it has on the tensor modes is through
figures with a dashed curkdf what we saw today was just the background evolution. The tensor anisotropies are shown
primary anisotropies then this model should have had thé the left panel of Fig. 11.
highest first peak of all three models. What we see however The amplitude of the tensor modes is in general much less
is exactly the opposite: it has the lowest peak. This is comthan the scalar amplitude and the only important contribution
pletely due to a very strong ISW which is shown on the rightcomes at large scales. Even though they do not affect the
panel of Fig. 6. The ISW for the brane model boosts power atemperature anisotropy much they are still important as they
large scales|100) compared to the other models. There-createB-type polarization which might be observed.
fore it will have a direct effect on COBE normalizati¢or in The tensor anisotropies are mainly due to the tensor ISW
fact any other kind of normalization which includes points ateffect. The anisotropy amplitude on large scales depends on

C. Secondary anisotropies

The most notable secondary anisotropy is the integrate
Sachs-WolfgISW) 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 al-
lowed by nucleosynthesig@nd an equally badh mode).

D. Tensor modes
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FIG. 9. Left: E-type polarization for the same models as Fig. 2 wiAthsolid), AS (dotted and brangdashed At large scales the

driving effect on the quadrupole at the LSS enhances the polarization amplitude. Right: Eedgper(heavy curvesand B-type (light
curves polarization for the same models as the left panel.

the time at radiation-matter equality,. For the quintes- diameter distances just like the temperature anisotropies
sence modet, is larger which raises the amplitude slightly case, for both the scalar and tensor modes.
for the AS model. In the case of the brane model however the In the scalar case, on scales betwden200 and |
universe is much younger than the other two which counter<1000 we have the driving effect again giving more corre-
balances the previous effect. lation to the quintessence models. Moreover lfer600 we

At smaller scalesrg, still governs the structure of the also have the ISW boosting the correlation for quintessence.
peaks. The AS model due to smaltey, has the peaks shifted

to smaller scales. The brane model has an even smuer VI. THE MAGNITUDE-REDSHIFT RELATION
but it gives a younger universe which again counterbalances
the previous effect. Before concluding we comment briefly on the magnitude-
redshift relation for the brane model. The magnitude-redshift
E. Polarization relationm(z) for a standard candle of fixed fiducial absolute

Polarization depends only on the physics at the LSS, unr_nagnltudg 'S an esse.nt|al tqol for pinning down the nature C.Jf
the cosmic acceleration. Different quintessence models will

like the temperature anisotropy which also depends on the . : . o
evolution since the LSS. It is therefore a direct probe of theDrOduce different functionsy(z) which can be discriminated

physics at the LSS. For a review of polarization §4). using data from, for example, type la supernoy6e,6g.
E-type polarization for scalar modes is shown in Fig. 9.\When considering possible future probesw() it is essen-
The first feature we observe is a difference in the position ofi@l t subject the space of possible models to the constraint
the peaks. This is due to the same effects as in the sCalar that the models give a realistic account of cosmic structure.
case, i.e. the sound horizon and angular diameter distanch particular, one can expect the structure-suppressing nature
The heights of the peaks are affected by the driving effect o®f quintessence to result in substantial constraints on the sig-
the local quadrupole at the LSS. Therefore in the left panel ofificance of quintessence agreater than around unity since
Fig. 9 we see again as expected that the AS model has tisructure needs to have a chance to f¢&|. It is therefore
largest amplitude followed by th& model. intriguing that the brane modéivhich gives a good fit to
B-type polarization is shown on the right of Fig. 9. We cosmic structure datdas some pretty interesting features in
should note however that lensing can also prodBegpe  M(2).
polarization but we do not discuss it here since in the case of The right panel of Fig. 11 showAm(z) for the brane
these models quintessence can be treated like a cosmologidapdel (identical to the model shown in Fig),4a model for
constant as far as lensing is concerned. which the dark energy has an equation of statewp with
Finally we have the polarization-temperature cross correconstantw= —0.9559, and simulated binned data represent-
lation shown in Fig. 10. The importance of the cross correing 1900 supernova events as might be provided by the pro-
lation has been discussed[i@5] for scalar modes an6]  posed SNAP satellit€70]. The m(z) curve for a pure cos-
for tensor modes. Again we see the different oscillation freamological constant moddlwhich was used to produce the
guencies due to the different sound horizons and angulaimulated datais subtracted fronm(z) for the other models
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FIG. 10. Cross correlation of temperature and polarization. On the left we have scalar cross correlation for the same models as Fig. 2. On
the right we have tensor cross correlation for the same models as the left panel.

o

to get Am(z). Except for the choice of theoretical models data set in hand, there could be exciting opportunities to
shown, Fig. 11 is identical to Fig. 2 if67], where details of further discriminate among realistic models if a standard

its construction can be found. candle could be found that is effective out to higaer
The Am(z) curves for the two dark energy models are
essentially identical up te~ 1.3 at which point they diverge. VIl. CONCLUSIONS

As discussed i67] there is no question that a SNAP-type

data set will have a high impact on our ability to discriminate  We have presented a detailed investigation of a class of
among models of the dark energy. Our work on the braneuintessence models motivated by our earlier wptR].
model illustrates how even with a high quality SNAP-classThese models employ a particular mechanigine exponen-
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FIG. 11. Left: TensoIiC;s for cosmological constargsolid), AS (dotted and brane(dashed of Fig. 2 with the same initial power
spectrum. The upper panel shows large scdlesl(0) where the differences between the models are due to different tensor ISW effects.
The lower panel shows smaller scales100. The peak structure reflects the time of radiation-matter equséi/text Right: Am(z) for
the brane modeheavy curvgand aw= const= —0.9559 mode{dashed curve along with simulated SNAP data. The curves are essentially
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 play a
significant role in discriminating among these types of modets thank J. Weller for producing this figyre
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FIG. 12. A possible future comparison of the AS and brane models wkaodel using MAP data. On the left we have the AS model
of the right of Fig. 4 compared with A model withh=0.75,Q , =0.7005,Q,=0.053,€.=0.2465 and=0.1. On the right we have the
brane model of the right of Fig. 4 compared witl\amodel withh=0.75, ) , =0.66327,(),,=0.053,().=0.28373 andc=0.1. The two
A 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 each figure
we show the residuals of the two corresponding models with MAP error(lbardhank L. Knox for providing the MAP error bars

tial potential with a prefactdrwhich allows realistic models the Microwave Anisotropy ProbéVIAP) data sef
to be produced with all potential paramet€él) in Planck One issue which still needs to be addressed is the degree
units. The potentials have a reasonable chance of developirig Which the signals we have discovered can realistically be
strong theoretical foundations in brane theory or other theodifferentiated from all possible mimicking behavior due to
ries with extra dimensions. The work presented here hatfie dependence of the predictions on a range of cosmological
taught us that these models also have an interesting and pparametergthe mimicking A models in Fig. 12 were pro-
tentially observable impact on the formation of cosmic struc-duced “by hand,” by making a thorough but not completely
ture. The same mechanism that makes these models attréxhaustive exploration of all possible paramejtefis pa-
tive from the point of view of fundamental physics causesP®' 2ys the groundwork for such a project. The full impact
the quintessence to play a much more significant rolé’f our results will nc_)t be known until this issue is addressed
throughout the history of the Universe. This feature leads td" & more systematic way. :
interesting effects on the microwave background anisotro- . Still, it .|s'qU|te mter_estlng t.ha.t our qumtgssence models
pies, the matter power spectrum and the magnitude redshiﬁ've pred|ct|on_s that f_|t all existing constraints, and which
relation that result in potentially observable differences from eave a potentlally unique set of signals that could be ob-
the predictions of other dark energy models. We have exterServed with future experiments.
Zi;f/:gsexamined the physical causes and the nature of these ACKNOWLEDGMENTS
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