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Detectability of a phantom-like braneworld model with the integrated Sachs-Wolfe effect
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We study a braneworld model in which a phantom-like behavior occurs with only cold dark matter and
a cosmological constant, due to a large distance modification of gravity. With the addition of curvature, the
geometrical tests are not strict enough to rule out models in which gravity is modified significantly on
large scales. We show that this degeneracy in the parameter space is broken by the structure formation
tests, such as the integrated Sachs-Wolfe effect, which can probe general relativity on large scales.
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L. INTRODUCTION

The late time acceleration of the Universe is one of the
biggest problems in cosmology. In the framework of con-
ventional general relativity, the expansion of the Universe
at late times is dominated by a dark energy with negative
pressure and equation of state w = p/p < —1/3. Several
current observations suggest w << —1, which is often called
phantom dark energy, although the fiducial LCDM model
with w = —1 is still preferred if we combine all the data
sets [1,2]. From a theoretical point of view, it is extremely
difficult to realize dark energy models with w < —1: the
easiest way to obtain such a model is to consider a ghost
scalar field with the wrong sign for the kinetic term,
although this leads to the instability of the vacuum [3].
There are a few successful models that lead to w < —1
without having theoretical pathologies [4—7]; among them,
we focus on a braneworld model proposed by Sahni and
Shtanov [8] and further developed by Lue and Starkman
[9].

This model is based on the Dvali-Gabadadze-Porrati
(DGP) model of the 5D braneworld where we are supposed
to live on a 4D brane in the 5D Minkowski spacetime [10].
The 4D gravity on the brane is recovered by the induced 4D
Einstein-Hilbert action on the brane. In this model there are
two branches of the solutions [11]: in the first branch,
known as self-accelerating, the late time acceleration can
be realized without introducing any dark energy, while in
the other, known as the normal branch, a cosmological
constant is needed to explain the late time accelerated
expansion of the Universe; nevertheless, the extra-
dimensional effects modify gravity on large scales and
the model deviates from the standard LCDM. In particular,
at the background level, the Universe behaves as if there
were a phantom-like dark energy w < —1.

Besides the fact that this model mimics a phantom
behavior, it is known to be free of ghosts and thus repre-
sents a healthy modified gravity theory. This is in contrast
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with the self-accelerating branch of the DGP model (here-
after SDGP) where there exists a ghost at the linearized
level (for a review see [12]). Another advantage of the
model is that there is a mechanism to recover general
relativity on small scales. Thus with this model we can
modify gravity on large scales significantly without spoil-
ing the success of general relativity on the solar system
scales, providing the basis for the test of the large distance
modification of general relativity. In this paper, we study
the phenomenological consequences of the normal branch
DGP model (hereafter nDGP).

The integrated Sachs-Wolfe effect (ISW) is a secondary
source of temperature anisotropies on the cosmic micro-
wave background (CMB) which can arise if the gravita-
tional potentials are evolving in time. The physical idea is
that in this case, a photon travelling from the CMB through
a potential well may acquire or lose energy. In the LCDM
model, this effect is produced at late times and large scales
when the cosmological constant induces a decay in the
potentials, and it has been measured by observing the cross
correlation of the CMB and the large scale structure of the
Universe (see [2,13] for the current state-of-the-art data). It
has been shown that this effect is a useful tool to study
infrared modifications of gravity [14—17], since it is sensi-
tive to the evolution of the gravitational potentials.

We first present in Sec. II the geometrical tests on nDGP,
looking for a parameter space which can be tested from
structure formation, which is summarized in Sec. III. Then
we present the ISW effect as measured by cross correlating
the CMB with galaxy catalogues as a powerful tool to
distinguish between LCDM and nDGP models in Sec. IV.
Section V is devoted to the conclusion.

II. GEOMETRICAL TESTS

The cosmic expansion of the nDGP model depends on
the usual 4D Friedmann-Robertson-Walker metric plus the
gravitational effect of the 5D bulk on the brane. The
cosmic acceleration is then introduced by the brane ten-
sion, which works as a cosmological constant on the brane.
The gravity at large scales is modified by the 5D gravity
effects on the brane, which are parameterized by a tran-
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sition scale from 4D gravity to 5D gravity. The crossover
distance r, is defined as the ratio between 4D and 5D
Planck mass scales

M2
=4 1

where M, and M5 are the Planck scales in the 4D and 5D
spacetime, respectively. The late time expansion history is
determined by two free parameters, the cosmological con-
stant (or brane tension) A and the crossover distance r..

The Friedmann equation for an nDGP model with cur-
vature K = — O, H3 is given by

H2 . QkH(z) + l Hz _ QkH(% _ 87TG é’
2 2 Pm
a . a 3 3

2

and the dimensionless expansion history E(a) is defined by

where Q) = A/3Hj and Q, = (4H3r?)~", which satis-
fies

Qm + QA + Qk - 1
JO, = . 4)
‘ 21T — O, (

The free parameter . can range in theory from O to the
infinity; however, it has been shown that the deviations
from general relativity on solar system scales are also
controlled by r., and the current constraints require that
re > Hy! [18]. We can see that if r, approaches infinity,
then Eq. (2) converges to general relativity, while if r,
approaches H; !, then the 5D gravitational effect on the
expansion history becomes larger.

The modification of gravity at late time screens the
cosmological constant and makes the effective equation
of state less than —1. We define the effective energy
density of dark energy peg as [19]

, WH 887G 87wG
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It is clearly seen that the 5D effects make the effective dark
energy density p.y smaller. From the continuity equation

of pesr

petr + 3H(L + Wep) perr = 0, (6)

we can derive weg as
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At the current time, the effective equation of state becomes

_ (Qm + QA - 1)()fm
1-9,)0Q, +Q, +1)

®)

Wwerrla = 1) = —1

where we neglected the curvature for simplicity. Provided
that ,, < 1, we have the phantom behavior w.s < —1.

We revisit the geometrical test on the nDGP [19,20].
This test with a flat curvature prior is not in favor of the
cases for the significant screening effect, which rules out
observable modified gravity effects in the nDGP. However,
we find that measurable screening effects are allowed with
the inclusion of curvature. We exploit the leverage arm in
the geometrical tests at both ends of low and high redshifts.
At low redshifts, we use the gold SN data set [21]. At high
redshifts, we fix the distance to the last scattering surface at
z1s = 10887} by fitting the harmonic space scale of the
acoustic peak /4 = 302*%7 and matter density Q,,h* =
0.126870:007% [22]. In addition to that, we constrain the
expansion constant H, with the Hubble constant measure-
ment, Hy = 7278 [23].

With a fixed CMB prior of thz, the best fit values for
w and H, are correlated with each other. The theoretical
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FIG. 1 (color online). Geometrical test on the nDGP by using
SN + CMB + H,, observations. There is correlation observed in
the projected €, and ), plane after marginalization of all other
cosmological parameters.
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models predicting w << —1 have a smaller best fit value for
H,y compared with LCDM (w = —1). Since the measured
comoving distance to 74 is consistent with a best fit value
for Hy in flat LCDM, the comoving distance to zji in
phantom-like braneworld models becomes longer than
the measured distance. This worse fit for the large distance
measured by CMB in the models with w < —1 can be
cured by introducing a positive curvature which makes
the distance shorter without significantly affecting the fit
for the shorter distance measured by SNe. Consequently, a
larger () 5, which realizes larger screening effects and w <
—1, is allowed with a positive curvature (), <O0) as is
shown in Fig. 1. Hence if the curvature is added, there
appears a degeneracy in the geometrical tests and the
models with large modified gravity effects are allowed.
This degeneracy can be broken by the structure formation
test.

III. STRUCTURE FORMATION TESTS

There are three regimes of gravity in the nDGP model on
different scales. On superhorizon scales, gravity is signifi-
cantly influenced by 5D effects. In this regime, we cannot
ignore the time evolution of metric perturbations and the
dynamical solutions should be obtained by solving the 5D
equations of motion. The dynamical solutions have been
obtained in the following two methods in the literature: a
first derivation is obtained by the scaling ansatz in the
sDGP [24] and in the nDGP [25], and the other is found
from the full 5D numerical simulations [26]. It has been
shown that both approaches give identical results, and the
solutions for the perturbations are shown to be insensitive
to the initial conditions for the 5D metric perturbations.

On subhorizon scales, we can ignore the time depen-
dence of the metric perturbations and the quasistatic ap-
proximations can be used [18,27]. Even on scales smaller
than r, gravity is not described by general relativity due to
an extra scalar degree of freedom introduced by the modi-
fication of gravity. In this regime, gravity can be described
by a Brans-Dicke theory and the growth of structure be-
comes scale independent.

We use the Newtonian gauge

ds* = —(1 +2W)dr* + a(1)*(1 + 2®)8;;dx'dx/,  (9)

to describe the metric perturbations. Figure 2 shows the
behavior of metric perturbations ®_ = (& — ¥)/2 which
determines the integrated Sachs-Wolfe effect both for the
dynamical solutions and scaling solutions, for the models
of Table I. In the literature, the spatial curvature was not
introduced in the calculations, and thus we derive the
quasistatic solutions with curvature in the appendix.
Finally, once the nonlinearity of density perturbations
becomes important, the theory approaches general relativ-
ity [18,28]. This transition to general relativity is crucial to
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FIG. 2. We plot the solutions of structure formation of three
nDGP models in the 1-o contour of Fig. 1, compared with the
LCDM (dotted line). Solid curves represent the quasistatic
solutions of nDGP models with different {),, and the dashed
curve attached to each solid curve represents the dynamic
solution of each nDGP model at k = 1073 Mpc™!.

satisfying the tight constraints from the solar system ex-
periments [29,30] and will play a fundamental role for
weak lensing measures. On the other hand, for the ISW
effect, we can safely ignore the nonlinear physics.

The dynamical solutions are relevant to the scales of the
large scale CMB anisotropies. We have checked that the
difference in the large scale CMB anisotropies from
LCDM are small given the constraints from the geometri-
cal tests because, due to the large cosmic variance, we do
not expect that the CMB anisotropies on these scales can
give strong constraints on the models. The quasistatic
solutions are relevant to the scales of [ISW-galaxy cross
correlations. In the next section, we will study how they
can be used to break the degeneracy that arises from the
geometrical tests.

TABLE I. Details of the cosmological models used. The other
parameters are for all models: scalar spectral index ng; = 0.95,
optical depth 7 = 0.10, and amplitude of the primordial scalar
perturbations A = 2.04 - 10™° at a pivot scale k = 0.05 Mpc ™.

LCDM nDGP 1 nDGP 2 nDGP 3
Q, 0.30 032 034 0.37
Q, 0.052 0.056 0.060 0.064
O, —0.014 —0.027 —0.040 —0.053
Q, 0.72 0.90 1.1 1.3
H, 66 63 61 59
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IV. ISW-GALAXY CORRELATIONS

The gravitational potential well d_ is shallower in the
nDGP model than in the LCDM model due to the modifi-
cation of gravity. This is the opposite from what happens in
the self-accelerating models [31] where the gravitational
potential well is deeper than in LCDM. The nDGP model
predicts an earlier variation of the gravitational potential
than the LCDM model. By cross correlating galaxies at
different redshifts with the CMB, one can in principle trace
the redshift history of the decay of the potential.
Furthermore, the cross-correlation arises from the well-
understood quasistatic regime of nDGP (solid curves in
Fig. 2).

The cross power spectrum of the CMB and a set of
galaxies g; is given by [32,33]

KPg_o_(k 0)

o= a0

. dk _
Cl¥ =4 f — I (k)

where Py ¢ (k, 0) is the power spectrum of ®_ at the
present time and the kernel 1! is

dD\1/2
10 = [ awite. ) jAkD)(E) .an
The window function is given by
2 d [P_(k2z)
Wik, z) = — [ : ] 12
(k. 2) 1+z9dlnald_(k0) a2

where the galaxy kernel 78 is
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d /
If9(k) = [ dzwei(k, z)jl(km(d—'f)1 )

Under the quasistatic approximation, the window function
becomes

2 K ni(2)bi(z) P-(k z)

Wsi(k, z) = ,
% 2) 30, 2 1+z ®_(k0)

(14)

where n;(z) is the redshift distribution of the galaxies
normalized to [dzn; = 1 and b;(z) is the galaxy bias.

First, we investigate the current status of the observa-
tions using the data set obtained in [2], which consists of
the measurement of the ISW effect via the real space cross
correlation functions (CCF) between six different galaxy
catalogues and the CMB. The redshift distributions of the
different catalogues are partly overlapping, but each data
set i is characterized by a median redshift 0.1 = z; = 1.5
around which each particular measured CCF is getting the
biggest contribution. Thus, this analysis represents a first
step towards an exploration of the redshift evolution of the
potentials and, ultimately, of gravity itself as described by
[34].

We reproduce in Fig. 3 the measured CCF for the six
galaxy catalogues from [2], in order of increasing redshift:
2MASS (excluding the small scale contaminated data), the
main galaxy sample from the SDSS (Sloan Digital Sky
Survey), the SDSS Luminous Red Galaxies, NVSS [NRAO
(National Radio Astronomy Observatory)], VLA Sky
Survey HEAO (high energy astrophysics observatory),
and the SDSS quasars, with the relative error bars—which
one should rememb are highly correlated. Looking at the
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FIG. 3 (color online).
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Measurement of the cross correlation functions between six different galaxy data sets and the CMB,

reproduced from [2]. The curves show the theoretical predictions for the ISW-galaxy correlations at each redshift for the LCDM
model (black, dashed) and the three nDGP models of Fig. 2 (green, solid), which describe the 1-o region of the geometry test from

Fig. 1.
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theoretical curves in Fig. 3, we can see that the nDGP
models have a very different prediction from the LCDM
for the CCF at high redshift. This is in agreement with their
peculiar potential evolution: the rise in the potential ®_ at
high redshift produces an expected negative CCF, while the
following steeper decay leads to a positive CCF which
becomes eventually higher than the LCDM one.

However, it is clear that these predictions represent a
poor fit to the high redshift data. Remembering that all
three nDGP models in Fig. 3 are inside the 1o region from
the geometry test of Sec. II, we can qualitatively see that
the ISW test will produce stricter constraints by noticing
e.g. that the quasar CCF alone has a significance level of
20, which means that at least two of the nDGP models will
be excluded above this level.

Then, we study the best possible constraints which can
be obtained by this technique with future surveys. For
definiteness, we assume that the galaxy sets come from
net galaxy distributions of

ny(z) e /152 (15)

where the normalization is given by the LSST (large
synoptic space telescope) expectation of 35 galaxies per
arcmin®. For the subsets of galaxies, we assume that this
total distribution is separated by photometric redshifts
which have a Gaussian error distribution with rms o(z) =
0.03(1 + z). The redshift distributions are then given by
[34]
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Zi—-1 i —

n(z) = %nAz)[erfc(\ET;Z)z) - erfc( \/ia(j))]’

where erfc is the complementary error function and A; is
determined by the normalization constraint.

We show in Fig. 4 the predicted cross power spectra
obtained using this redshift tomography for the models of
Table 1. The theoretical possibility of distinguishing be-
tween them is given by the signal to noise ratio

(%)2 = Zfsky(zz +1)

where CT7 is the temperature power spectrum. This is
summarized in Table II.

Although the geometrical test is not able to easily break
the degeneracy between curvature and the screening effect,
the alternative consequence for the structure formation by
the screening effect is measurable from the ISW-galaxy
cross correlations. The screening of the cosmological con-
stant in nDGP2 and nDGP3 becomes effective before the
decay of the growth factor which occurs when the matter
component becomes subdominant. This early screening
enhances the growth factor which makes the potential
®_ grow. This generates anticorrelations in the ISW-
galaxy cross correlations at high redshifts, which leaves
observable signatures as shown in Fig. 4. From Table II it is
expected that this effect on the structure formation can be
observed at around a 50% noise level for nDGP2 and a
25% noise level for nDGP3. This is an illustration of how

[C/f?
CEECTT + [CfP

(16)
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FIG. 4 (color online).
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The theoretical predictions for the ISW-galaxy cross power spectra at each redshift for the LCDM model

(black, dashed) and the three nDGP models of Fig. 2 (green, solid), which describe the 1-o region of the geometry test from Fig. 1.
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TABLE II. Theoretical signal to noise ratio for the models of
Table I with fg, = 1.

b4 LCDM nDGP 1 nDGP 2 nDGP 3
0.2 2.8 29 2.6 22
0.6 4.0 35 25 1.3
1.0 34 22 0.68 1.1
1.4 2.5 1.2 0.69 2.6
1.8 1.9 0.52 1.3 32
22 L5 0.16 1.6 33
2.6 24 0.18 1.6 3.1
3.0 0.96 0.22 1.5 2.9

we can break the degeneracy between curvature and the
screening effect in the geometrical tests by using the
structure formation tests.

V. CONCLUSION

In this paper, we studied the observational constraints on
the normal branch DGP model in which a phantom-like
behavior occurs only with cold dark matter and a cosmo-
logical constant. The geometrical tests using the gold SN
data set, CMB and the HST key project are not enough to
rule out models in which gravity is significantly modified
on cosmological scales. We then showed that the structure
formation tests performed using the integrated Sachs-
Wolfe effect can break the degeneracy in the parameter
space.

The current measurements of the ISW effect obtained in
[2] are indeed as competitive as the geometrical tests. This
is due to the fact that, in the nDGP model, the cross
correlation with galaxies becomes negative at high redshift
due to the peculiar behavior of the metric perturbations
caused by the modification of gravity. This demonstrates
that the structure formation tests are very promising tools
for distinguishing between general relativity and modified
gravity models. We also showed that it is possible to track
the evolution of the potentials by cross correlating the ISW
with galaxies at each redshift in future observations. It is
very likely that in the future the ISW effect will provide one
of the strongest constraints on the model. We will present
the full likelihood analysis using the latest data sets in a
forthcoming paper.
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APPENDIX: QUASI-STATIC SOLUTIONS WITH
CURVATURE

In the Gaussian normal coordinates, the 5D metric is
given by [29]

PHYSICAL REVIEW D 78, 044017 (2008)

ds* = dy* — n(y, 0)?dr* + a(y, 1)*6,;dx"dx/, (AD
where
Q,\1/2
aly, t) = a(t)[l — (H2 - —2k) y], (A2)
ag
. Q,\—(1/2)
niy,t)=1—(H + HZ)(H2 — —2") y. (A3)
ay

The extrinsic curvature of the brane is determined by the
first derivative of the metric with respect to y at the brane

(y=0):
/ ON\1/2
el
/ . Q\-1/2)
% =—(H+ HZ)(H2 - a—,j) : (A5)
Defining the comoving density perturbations
pA = 06p —3Hadg, (A6)

the Poisson equation is obtained as
kK o K_AZ;I: 2(a'/a)r, ][ A dpE — 3Ha561E]
a2 2 [2(d/a)r. — 1 P 2(a’'/a)r, '
(AT)

The traceless part of the space-space component of the
effective Einstein equations gives

1 1
B s rrr e
_ K30
rl(@/a) + (/)] (A8)

The Weyl density perturbations 8 pg, 8qg, and o g should
be determined by the constraint equations

Sprp+4HSpr —a 'k*8qr =0, (A9)

. 1 2
5¢]E + 4H5QE + ail(gé\pE - §k267TE)

_ Zr <n’ B a’){_ p A
3A\n  a 2(a'/a)r. — 1

0pg — 3Hadqg
2(a'/a)r, — 1

. 1
rl@'/a) + (n'/n)] — 1

The constraint equations are not closed and we need
additional information by solving the 5D equation of mo-
tion. In the quasistatic limit, we can impose the condition
on dpg and 7y from the bulk equation as [27]

5pE = 2k257TE.

k257TE}. (A10)

(A11)
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Then the constraint equations give

5PE = 2[

~ 1+ (@ fayr +
=3 +4(d/a)r. +2(n'/n)r,

]pA, (A12)

and 6¢qr = 0. The Poisson equation and the traceless part
of Einstein equations give
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(31
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(51
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k2 Kﬁ 1

T ho=—=|1——|pA Al
e 2[ 3,8(r)]” ’ (A13)
K2 K3 1
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where
2 ! !
B =1- —[2(“—) + (”—)]r (A15)
3 a n
which can be written as
Q\-1/2 H 2 Q
1) =1+ 2H> .(HZ——") [1+————" ]
A e a? 3H?> 3 a*H?
(A16)
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