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In the past decade or so observations of supernovae, large scale structures, and the cosmic microwave
background have confirmed the presence of what is called dark energy—the cause of the accelerating
expansion of the Universe. Its density has also been measured as well as the value of other cosmological
parameters according to the concordance ACDM model with few percent uncertainties. The next
generation of surveys should allow to constrain this model with better precision or to distinguish between
a ACDM and alternative models such as modified gravity and (interacting)-quintessence models. In this
work we parametrize both the homogeneous and anisotropic components of matter density in the context
of interacting dark energy models with the goal of discriminating between f(R) modified gravity and its
generalizations, and interacting dark energy models, for which we also propose a phenomenological
description of energy-momentum conservation equations inspired by particle physics. It is based on the
fact that the simplest interactions between particles/fields are elastic scattering and decay. The parame-
trization of the growth rate proposed here is nonetheless general and can be used to constrain other
interactions. As an example of applications, we present an order of magnitude estimation of the accuracy
of the measurement of these parameters using Euclid and Planck surveys data, and leave a better

estimation to a dedicated work.
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L. INTRODUCTION

Today it is a well-established fact that according to
Einstein’s theory of gravity ~73% of the mass and energy
in the Universe is in a strange form with unusual properties
inconsistent with any type of matter known to us. It is
generally called dark energy (see e.g. [1-4] for recent
reviews). In the last two decades or so numerous models
have been suggested to explain this mysterious and domi-
nant constituent of the Universe. The majority of these
theories can be classified in one of the following three
categories: (1) Models based on a scalar field, e.g. quin-
tessence [5—8] and its variants such as k-essence [9—13] in
which the kinetic term in the Lagrangian has a nonstandard
form, and varying neutrino mass models [14,15] in which
the accelerating expansion of the Universe is generated by
the variation of neutrinos mass due to their interaction with
a light scalar field; (2) Modified gravity models in which
dark energy is explained as the deviation of gravitational
interaction from Einstein’s theory of gravity. Examples of
such models include scalar-tensor [16-18] and f(R) gravity
[19-21], chameleon [22-24], and Dvali, Gabadadze, and
Porratti [25]; (3) A cosmological constant—introduced by
Einstein himself [26] and interpreted by Lemaitre as the
energy density of vacuum [27]. It is phenomenologically
the simplest of three categories, and is still the best fit to
all observational data [28—30]. However, naive estimations
of vacuum energy are ~42 to 123 orders of magnitude
larger than the observed dark energy [31]. For this reason,

*houriziaeepour @ gmail.com

1550-7998/2012/86(4)/043503(24)

043503-1

PACS numbers: 98.80.Cq, 04.25.Nx, 04.80.Cc

alternative explanations have been explored even before
the observation of the accelerating expansion of the
Universe [5,6]. The main task of cosmologists today is
discriminating between these models, in particular, distin-
guishing the first two categories mentioned above from a
cosmological constant.

A notable difference between a cosmological constant
and some of the alternative models is the presence of a
weak interaction between matter and dark energy. Pure
quintessence models, in which there is no interaction
between the scalar field and matter are somehow patho-
logical because all known fundamental particles, including
neutrinos which have very small couplings, interact non-
gravitationally with some other particles. Even axiomatic
weakly coupled particles such as axions [32,33] are ex-
pected to interact with gauge bosons such as gluons. The
fields in candidate extensions of the standard model are
related to each others by symmetries, thus either by gauge
interaction or by mass mixing. On the other hand, if a field
such as quintessence interacts only with gravity, then
naturally it should be considered as belonging to the
gravity sector. An example of such fields is dilaton which
was first introduced in the context of the Kaluza-Klein
model for the unification of gravity and electromagnetic
forces [34,35], and is also associated with conformal grav-
ity models, see e.g. [36] and references therein. But gravity
is a universal force and interacts with all other particles.
Thus, in contradiction with the assumption above, the
quintessence field must have an interaction with other
particles. In fact, dilaton does have nonminimal interaction
with other species, see for instance [37,38]. This makes the
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task of finding a candidate for a noninteracting quintes-
sence field very difficult. A more problematic issue with
pure quintessence models is the fact that they do not solve
the coincidence problem of dark energy, i.e. why it
becomes dominant only at late times and after galaxy
formation. Interacting quintessence models in which the
quintessence field has a weak interaction with some matter
species, in particular, with dark matter, can solve or at least
soften the huge fine-tuning of dark energy density with
respect to matter in the early Universe [39,40].

In modified gravity models the deviation from Einstein’s
theory of gravity can be, either written explicitly, or pre-
sented by introducing new fields, usually scalars, in the
matter sector. The first presentation is called the Jordan
Jframe and the second the FEinstein frame. Because in the
latter case the model looks very similar to an interacting
quintessence model,' it is necessary to find a proper defi-
nition that discriminates between what is called modified
gravity and what is called interacting quintessence. In
modified gravity, the scalar field is usually related to a
dilaton field, thus it has a geometrical origin and arises
from a broken conformal symmetry [16]. For this reason,
the scalar field always interacts with the trace of the
energy-momentum tensor of matter [21]. The situation is
not so straightforward for interaction between matter and
the scalar field in interacting quintessence models for
which various types of interactions are considered in the
literature, see for instance [41,42]. In many of these models
in analogy with modified gravity, in particular f(R) models,
the interaction term is considered to be proportional to the
trace of the energy-momentum tensor of matter.’

In this work we try to determine the interaction between
dark matter and dark energy in a collisional description
of interactions inspired by particle physics. Using the
Boltzmann equation with a collisional term and some
results from studies of the microphysics of dark energy
condensate [43], we show that the interaction can be de-
scribed only approximately by spacetime dependent func-
tions, and in general one needs the distribution in the phase
space f(x, p) where p is the 4-momentum, see Sec. III for
more details. However, at present and for the foreseeable
future, we cannot observe the phase space distribution of
dark energy. Considering this fact, we use thermodynam-
ical description of average energy-momentum and velocity
to obtain approximate covariant expressions for inter-
actions between matter and a scalar field as dark energy.
This leads to a modification of the energy-momentum

"Note that when we talk about interacting quintessence models
we mean models in which the scalar field interacts with some
other constituents of the Universe. All quintessence models have
a self-interaction, which is not explicitly considered in the
formulation presented in this work

2For the reasons described in detail in Sec. III, when we talk
about the interaction term, we mean the modification of the
energy-momentum conservation equation due to an interaction.
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conservation equation, which explicitly deviates from
modified gravity. Their difference can be used as a mean
for classifying models and discriminating between these
two categories in the data.

On the observational side, one has to find the best way of
parametrizing cosmological evolution equations such that
they admit discrimination between at least the three major
categories of models discussed above. Preferably, they
should not depend on the details, which are neither well
understood nor can they be targeted with the precision of
present and near future surveys. Observations show that
dark energy has negligible clustering (see e.g. [44—-47] for
the latest results). Therefore, its dominant contribution is in
the homogeneous component of the Einstein and conser-
vation equations. It also affects the evolution of anisotro-
pies mainly through their dependence on the background
cosmology. For this reason, irrespective of the way we
measure the equation of state of dark energy—from obser-
vations of supernovae that are only sensitive to background
cosmology, or from observations of matter perturbations by
measuring lensing or galaxy distribution—we must extract
the parameters of background cosmology to determine the
contribution of dark energy. Consequently, it is crucial to
understand how different models affect this component
through a proper parametrization that facilitates the dis-
crimination between various models. This is another goal
of the present work. Although there are few popular
parametrizations [48-51] in the literature, especially for
testing modification of Einstein’s theory of gravity at large
scales, as we will show in this work, they are not suitable
for discriminating between the modified gravity and
(interacting)-quintessence models. We should remind that
for the ACDM model the growth rate f is roughly scale
independent. Therefore, observation of the violation of this
property would be a clear signature of inconsistency with
standard cosmology. But the measurement of f and the
expansion rate H by themselves are not enough for dis-
criminating between modified gravity, quintessence, and
interacting quintessence, and a parametrization that does
not depend on the details of these models is necessary to
highlight their differences. Evidently, one can simply fit the
data with these models and compare their goodness of fit.
But, this does not take into account the degeneracies and
similarities. Therefore, a smart parametrization and better
data analyzing methods are necessary. Moreover, the fact
that most popular modified gravity models can be formu-
lated as a scalar field theory means that their differences
from (interacting)-quintessence must be understood and
the parametrization must be performed in a way that it
highlights these differences and helps discrimination.

In this work we propose a new set of parameters to
describe, in a model-independent way, the effect of an
interacting dark energy on the evolution of the expansion
rate of the Universe and another set of parameters for
the growth rate. These quantities are the most sensitive
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measurables for discriminating between the dark energy
models. Consequently, the ultimate goal of various mea-
surement methods is to constrain cosmological and dark
energy models by measuring one or both of these quanti-
ties. For instance, galaxy distribution and lensing surveys
determine the power spectrum of fluctuations for one or
multiple redshift bins. Future large surface and sensitive
spectroscopic surveys such as Euclid will allow for the
determination of the matter power spectrum for a statisti-
cally significant number of redshift bands, and thereby
extract the growth rate, see e.g. [52] for the methodology
applied to The WiggleZ Dark Energy Survey. The baryon
acoustic oscillation (BAO) measurements determine the
expansion rate and angular diameter distance at one or
multiple redshift bins, and can thereby estimate the varia-
tion of these quantities. Supernovae data measure the
expansion rate directly, and the variation of H(z) can be
extracted. Therefore, the parametrizations that we will
discuss here are relevant for all measurement methods in
cosmology.

In Sec. II we present a new parametrization forthe
Friedmann equation in the context of a general interacting
dark energy model.’ In Ref. [54] we defined the quantity
B(z) @« dp/dz and proposed it for the measurement of the
equation of state of dark energy defined as w = Pg./pge,
where Py, and p,. are the pressure and energy density of
dark energy, respectively. It is especially suitable for mea-
suring the deviation from a cosmological constant, see
Appendix A for the definition of B(z) and a review of its
properties. In addition, we argued that in what concerns the
sign of y(z) [see Eq. (2) below for its definition], this
quantity has distinct geometrical properties which make
it less sensitive to the uncertainties of other quantities such
as H, or (},, respectively, the present value of Hubble
constant and the density fraction of matter. The sign of y(z)
is the discriminator between what is called phantom
models which have w < —1, and normal scalar fields
(quintessence) models and a cosmological constant for
which w = —1.

Using this parametrization and the properties of B(z), we
show that in the presence of an interaction between dark
energy and other components, one obtains a different
estimation for ¥ (see the next section for its definition)
from H(z) and from B(z) when the data is analyzed with
the null hypothesis of a ACDM model as dark energy. In
this way one can predict the sensitivity of surveys to
interacting dark energy models in a model-independent
manner. Then, we discuss the properties of the parameters
for each category of models, their differences, and how this
information can be used to discriminate between various
dark energy models. In Sec. III we describe phenomeno-
logical interactions for the interacting quintessence models

?After the submission of this paper a similar parametrization
for the Friedmann equation was reported independently by [53].
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and compare it with modified gravity. This leads to an
approximate description for nongravitational interactions
between dark matter and dark energy.

In Sec. IV we present evolution equations of the over-
density and velocity fields in each category of models for
the interactions obtained in Sec. III. Then we describe how
one can discriminate between the interacting quintessence
and modified gravity models by using the matter power
spectrum and its evolution, i.e. the growth rate of anisot-
ropies. Because the growth rate plays a special role in
discriminating between various dark energy models, in
Sec. V we parametrize its evolution, and as an example
of an application, we obtain an order of magnitude estimate
for the discriminatory ability of the Euclid mission [55]
which measures both parameters of the homogeneous
component (the background cosmology) and the evolution
of the growth rate of matter anisotropies. In addition, we
compare our parametrization with other parametrizations
that can be found in the literature which are usually de-
signed to test Einstein’s theory of gravity. Our conclusions
and outlines are summarized in Sec. VI. The properties of
the functions B(z) (and A(z)) are reviewed in Appendix A.
The Fisher matrix for dark energy without the parametri-
zation of its equation of state w(z) is described in
Appendix B. A summary of the covariant formulation of
a classical scalar field as a perfect fluid is given in
Appendix C. In Appendix D we calculate an approximate
analytical solution for the growth rate of matter
anisotropies.

Here we must emphasize that the predictions for future
missions obtained in this work are only representative and
order of magnitude estimations of what is expected from
future surveys. They should be considered as a QD (quick
and dirty), handshaking predictions. Their purpose is only
to show that it is possible to measure the new parameters
with reasonable uncertainties. A proper prediction for
future observation projects requires detailed consideration
of the instrumental response, the simulation of a data
analysis procedure, and an understanding of the sources
of systematic and statistical errors. Fulfilling these requests
necessitates a dedicated investigation which is beyond the
scope of the present work which targets theoretical issues
related to the discrimination between various dark energy
models. In fact, a number of authors have performed
predictions for the uncertainties of various measured quan-
tities by future missions, see for instance [56—59]. They
usually consider models that can be classified as modified
gravity according to the classification criteria discussed in
Sec. III. Nonetheless, some of their parameters can be
related to the quantities defined in this work, thus their
predictions can be used to obtain a rough estimation of the
expected uncertainties for the new parameters.

Throughout this work we use the Einstein frame for
modified gravity models unless explicitly specified other-
wise. In this way, a unified description can be made for all
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interacting dark energy models based on a scalar field
formulation.

II. FRIEDMANN EQUATION IN INTERACTING
DARK MATTER-DARK ENERGY MODELS

A priori the measurement of the equation of state of dark
energy is simple. It is enough to measure the expansion rate
of the Universe H(z) = a(z)/a, or a quantity related to it
such as the luminosity distance D(z) at different redshifts.
Then, by modeling known constituents of the Universe as
noninteracting perfect fluids, one can fit the data and
measure the effective equation of state of dark energy
wege(z), defined as Pgg(z)/pere(z). The suffix “eff” is
used to remind that pressures and densities obtained in
this way can be effective quantities rather than the physical
pressure and density of constituents, because we have
neglected any interaction between components. There-
fore, from now on effective quantities mean quantities
determined from data by considering a null hypothesis.

In practice, however, this is not so simple. The density
of a perfect fluid changes with the redshift as (1 + )37
[y is defined in (2)]. Therefore, at low redshifts when
z — 0, the total density is not very sensitive to the value
of vy or equivalently w(z) and their variation with z, see
Appendix A for more details. This statement is indepen-
dent of the type of data or proxy used for determining H(z)
or D(z). On the other hand, at high redshifts where H(z) is
more sensitive to the equation of state, dark energy is
subdominant. Moreover, it is more difficult to measure
H(z) and D(z) at higher redshifts and measurement uncer-
tainties can make the estimation of w(z) and its evolution
unusable for discriminating between models.

If the constituents of the Universe do not interact with
each other, the Friedmann equation, which determines the
evolution of the expansion function a(z), can be written as

H _ p@d)
Hi  po
=0,0+2°%+Q,0+2*+ Qg1 + 2)?
3y(2) (1)
+Qde(1 +Z) ’}/Z’
3H?
PC(Z) = %
1 z 1+ W(Z/)
= | a—2 Puln)=
YO = | 1e(2) = w(Dpue
m = cold dark matter, b = baryons,

(2)

h = hot matter, k = curvature,

and de = dark energy.
In this class of models the matter and radiation densities

evolve only due to the expansion. This is a good approxi-
mation for all redshifts z < z.,, ~ 1100.
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In interacting dark energy models the matter and
radiation terms in the right-hand side of the Friedmann
equation (1) can contain an additional redshift-dependent
factor:

H2

B 250,500+

Ho Pco i (3)
i=mb, h k and de.

Without lack of generality we assume that Fy. = 1 and all
redshift-dependent terms are included in y(z). In quintes-
sence models the coefficient of the curvature term also is
constant because it is assumed to be related to geometry/
gravity and independent of the behavior of other compo-
nents. At present observations are consistent with only the
gravitational interaction between the various components
in (3), thus additional interactions must be very weak.
By definition and without lack of generality, we consider
Fi(z=0) =1. Observations also show that ), = 0;
therefore, throughout this work we assume (), = 0 unless
explicitly specified otherwise. Note that in the case of
modified gravity models, a parametrization similar to (3)
can be defined in both the Einstein and Jordan frames.

A simple example for which an approximate expression
for Fi(z) coefficients can be found is a model with a
cosmological constant as dark energy and a slowly decay-
ing dark matter. The decay remnants are assumed to be
visible relativistic particles [60]. In this case,

2

H
H—% ~Q, 1+ z)3exp<

T()_t

)+Qb(1 42

.
+ 0,142+ Q,(1 +Z)4(1 _ exp<707—’)) La,

“4)

Foat) = exp(TO _ t) +(1+ z)(l — exp(to; t)),

-
Fr=Fr=1 y(z) =0,

where 7 is the lifetime of dark matter and 7 is the age of
the Universe. It is demonstrated that in this example, if the
decay/interaction of dark matter is not considered in the
data analysis, a w.s < —1 can be obtained for dark energy,
see [61,62] for more details regarding the setup and the
proof.

Note that in (5), we have included the contribution of
relativistic remnants in F,,. However, as this component
has a redshift dependence similar to hot matter, it also
makes sense to consider it as hot matter and add it to the
hot component. It is even possible to add this term to the
dark energy contribution, as long as it is small and induces
only a slight deviation from a cosmological constant. In
this case, one can show that the effective dark energy will
have wg; < —1 [62]. The reason for such freedom is that
we do not measure or take into account the decay remnants.

&)
T > 70,
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This example clearly shows that parametrization (3) is not
unique when all the components and their interactions are
not known. Therefore, one has to be very careful about
degeneracies when data are analyzed and interpreted. In
particular, prior assumptions such as the stability of matter
and the radiation components can affect measurements and
conclusions. This example also shows that for ruling out
the ACDM model, it is enough to prove that at least one of
F;#1,0r yge # 0.4

Extension of this example to quintessence models with-
out coupling to matter is straightforward and one simply
needs to consider y(z) # 0. A more interesting extension is
to assume that the quintessence scalar field is one of the
remnants of the decay of dark matter, which during cos-
mological time condensates and makes a classical quintes-
sence field. In this case, it has been shown [40,43,63] that
coefficients F,,, F,, and the equation of state of dark
energy w(z) [or equivalently y(z)] are not independent.
However, their relations are too sophisticated and cannot
be described in an analytical form and numerical tech-
niques should be employed [40].

According to (5),

F @) > Fulz=0), (6)

and because 7 > 7, F;(z) coefficients are close to 1 at all
redshifts. In general, for an interaction which transfers
energy from dark matter to other components, the inequal-
ity (6) is applied because at high redshifts one expects a
larger contribution of dark matter in the total density than
in a noninteracting model. Conversely, if energy is trans-
ferred from other components, for instance from dark
energy, to dark matter:

F (@) < Fulz=0). (7)

An example of such models is scaling dark energy [64,65]
in which at early times dark energy has a much larger
contribution in the total energy density, but it gradually
decays to dark matter and only recently its equation of state
approaches w ~ —1. Another example is the class of
models called early dark energy. Although the original
model [66—-68] is a pure quintessence/k-essence, there are
variants of this model in which, there is an interaction in
the dark sector [69] or between the dark energy and visible
sectors [70].

In models with elastic interaction between two sectors,
no energy is transferred between them, and F,(z) =
Fin(z) = 1. Nonetheless, the phase space of matter and
dark energy in these models can change and thereby wy,
can depend on z.

“This statement is true if the baryon pressure is negligible.
Future surveys can be sensitive to small baryon pressure. In this
case, it must be taken into account before any conclusion
regarding the ACDM model is made.
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For f(R) modified gravity models, the homogeneous
Einstein equations and the energy conservation equation
in the Jordan frame are [21]°:

f'x 87G

i
S+ EH="""%p, ®
(13 R a 3 ipz ()

1
(1+fR)H2+6f_a

a’ 477G )
703 = _73 Ei (pl + 3Pl) + (1 + fR)H
f Hf /!
L1 Aty IR
6 a 2a%’ ©)
. fr .
4+ 3Hp, = ——TR __(p, - 3P)), — m, K,
pi pi T+ 1) (pi i) i=m
(10)

where a' = aa.® The dot and prime mean derivation with
respect to comoving and conformal time, respectively.
Subscript R means derivation with respect to scalar curva-
ture R = R, g"”. We remind that at linear order the effect
of matter perturbations on R is zero, thus R only depends
on z and the effect of f(R) # 0 on the evolution of pertur-
bations manifests itself by changing the background
cosmology.

After solving the density conservation equation (10), the
Friedmann equation (8) can be written as follows:

pi(z) = pi(z=0)(1 + z)3yi(71 + frlz = 0)>“3w"/2)

1+ fz(2) ’
(1)
H _ p.(2) _ .
F(% o zﬂifi(z)(l +2)7, (12)
_ 3 1 ( fR)  d"
pde_%HfR( & Tk HfR), (13)
(1 + fR(R(z = 0))\~(1-3w;/2) _
Tl = ( 1 + fz(R(2)) ) ’ Wy =0,
1 1
thg, Wk:—g. (14)

Equation (13) is the energy density of effective dark energy
in f(R) gravity models. Similar to the quintessence models,
we can assume F4. = 1. The only explicit difference
between (12) and the same equation for an interacting
quintessence model is the presence of a nontrivial coeffi-
cient for the curvature term if ), # 0. Nonetheless, the

>When equations apply to both dark matter and baryons, we
indicate them collectively with subscript m.

®Here we have written the Einstein and conservation equations
in the Jordan frame because they lead to the expressions for F;
coefficients, which are explicitly very different from the quin-
tessence case.
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evolution of coefficients F;(z) with the redshift is different
from their counterparts in interacting quintessence models,
in particular, from models in which energy is transferred
to dark energy at low redshifts, see Eq. (6). In fact, the
function f(R) is not completely arbitrary and must satisfy a
number of constraints. Notably, f(R)|gj»o — 0 to make
the model consistent with Einstein’s theory of gravity in
mild or strong gravity fields, and fr > 0 due to the stability
constraint [71]. Under these conditions:

Fiz)>Fi(z=0). (15)

Comparing (15), (6), and (7) one can immediately con-
clude that the measurement of ‘F,,(z) and its evolution with
redshift can discriminate between dark energy models in
which energy is transferred from dark energy to dark
matter such as scaling models, and fz modified gravity
models. But it cannot discriminate modified gravity from
models in which energy is transferred from dark matter to
dark energy such as the model discussed in [40,43,63]. To
discriminate the latter and other models of this category
from fp modified gravity, the coefficient of relativistic
(hot) component F,(z) and its evolution must be mea-
sured. Evidently, such measurements are very difficult. For
instance, one has to measure very precisely the temperature
of cosmic microwave background (CMB) at high redshifts
or H(z) at a large number of redshift bins and fit the data
with F;, # 1. In the Einstein frame the evolution of matter
density is the same as in Eq. (11) [30], but the evolution
equation of hot matter is similar to ACDM. Therefore, in
that concerning the discrimination from interacting quin-
tessence, that discussed for the Jordan frame is applicable.

A. Model-independent discrimination
of interacting dark energy models

In this section we show that if ACDM or a simple
quintessence are considered as the null hypothesis, the
measurements of effective dark energy density and effec-
tive equation of state from H(z) and the function A(z)
defined in Appendix A separately, give different values
for these quantities if dark energy interacts with matter.
The similarity of F,,(z), especially if the curvature of the
Universe is zero, means that we cannot distinguish between
interacting quintessence and modified gravity models in a
model-independent manner—except for the cases ex-
plained above. For this reason in this section we only study
the discrimination between interacting dark energy models
parametrized as in Eq. (12) and a cosmological constant
and/or noninteracting quintessence.

For analyzing cosmological data, ACDM with a stable
and noninteracting dark matter is usually used as the null
hypothesis. Nonetheless, the methodology explained be-
low is not sensitive to the redshift dependence of y,., and
we can consider the more general case of noninteracting
quintessence as the null hypothesis. The expansion of
the Universe for such cosmologies is ruled by Eq. (1).
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Therefore, we rearrange the terms in Eq. (12) such that it
looks similar to Eq. (1). Then, we determine the effective
quantities which are measured by fitting a ACDM or a
noninteracting quintessence model to the data:

H2
i = 2T D FOUF )~ 11+

+ Q4 (1 + Z)37de(z). (16)
In a null hypothesis model only 7y, is redshift dependent

and vy;, i = m, h, k are constant. By comparing (16) with
(1) the effective contribution of dark energy is expressed as

(H)
O+ D = F O, (Fi(2) = D+
i
+ Qa1 + 2)37e@, (17)
In both the interacting quintessence and modified
gravity models coefficients F;’s are defined such that

F;(z = 0) = 1; therefore, at z = 0 the first term in (17) is
null, and we can separate Q¢ and y4.(z):

OB =04 YB(=0)= ye(z=0). (18

10g(Z,~(%"c(f,~(z) — DA+ + 1+ Z)3ch(z))
3log(l +z)

Yy ()=

(19)

where superscript (H) means measured from Hubble con-
stant H.

Suppose we can also measure A(z) defined in (A4), and
use it to determine the effective density and equation of
state of dark energy. For an interacting dark energy model
parametrized according to (16) quantities B(z) and A(z) are

1 dp
Bf)=—— F
@) 3(1 + 2)%pg dz

Z Qi(%‘fi(Z) +(1+2) i)(1 + z)3iD

d
i=m,h,k dZ

+ Que(w(z) + D + z)3vel@=D) (20)

AR)=B@)~ > Qy(1+P30 D
i=m,h,k

- > Qi(’)’i(fi(Z)_1)+(l+z)dd—ﬁ)(1+z)3(%—1)

i=mhk Z
+ Qg (W(z) + 1)(1 + z)3e@=1), 21)

Using (A4) in Appendix A as the definition of A(z), we find
the following expression for its parameters:
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QDWW () + 1)(1 + 2)3d @
—29@%7@—n+a+a )a+w%
F Qgew(@) + D+ 2P0 = (14+9AG),  (22)

where superscript (A) means measured from A(z).
Equations (17) and (22) are fundamentally different. In
particular,

5 AR + 0 (wlz=0) +1)
E:?t) (z=0)+1

ol = . @3

which in contrast to Qg), in general is not equal to Q.
Equality arises only when F; do not vary with the redshift,
i.e. F; =1 at all redshifts. This condition is satisfied by
the null hypothesis ACDM and by the noninteracting
quintessence models. Therefore, assuming that (), and
Q) are known (e.g. from CMB), simultaneous measure-
ments of H(z) and A(z) at even one z > 0 is a priori enough
for testing the presence of an interaction between dark
matter and dark energy independent of the underlying
model. Evidently, in practice the measurements must be
performed at many redshift bins to improve the statistics
and to compensate for measurement errors.

A priori one can use other quantities such as the angular
diameter distance D4 or the luminosity distance D; which
are easier to measure than A(z). However, both quanti-
ties arefunctionals of H(z)—through the integration of
1/H"'2(z). Thus, in general they do not have an analytical
expression. Besides, their derivatives depend on F,’s only,
in contrast to (22) which depends on both F;’s and
their derivatives. Therefore, ). and 7y s obtained from
dD,/dz or dD; /dz will be equal to those determined from
H(z) irrespective of the underlying cosmology. This shows
that the function A(z) (or equivalently B(z)) introduced in
[54] has special properties and is well suited for discrimi-
nating between dark energy models. It can be measured
from the supernovae data, see [54] for the methodology. As
for the LSS data, one needs to determine both H(z) and its
evolution dH(z)/dz to be able to calculate A(z), for in-
stance from the BAO and the power spectrum of matter

J

QE R + DA+ 97 — QR @) + DL+ PO
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fluctuations [72]. This is not an easy task. As an example,
consider supernovae observations that measure the lumi-
nosity distance D; to a supernova from its standardized
apparent magnitude. The angular luminosity distance D, is
related to the luminosity distance, see (A9). To determine
dD,/dz a priori one can use the measured D, and deter-
mine its derivative (slope). However, due to the scattering
and discreteness of the data, such a measurement will have
large uncertainties. The same problem arises for dH(z)/dz
or A(z) because they depend on derivatives of D;, see
Egs. (AS) and (A8). Nonetheless, there are various meth-
ods such as binning of data, using a fit in place of discrete
data, etc. that allow to improve the estimation. Near future
large area surveys such as such as HETDEX [73,74],
Euclid [55], BigBOSS [75], and LSST [76] will be able
to determine these quantities with relatively good preci-
sion, see also Sec. V for the measurement methodology. In
particular, large surface spectroscopic and lensing surveys
such as Euclid are able to determine the variation of total
density with redshift dp/dz « B(z) with good precision. In
Appendix B we obtain the Fisher matrix for dark energy
parameters without considering a specific parametrization
for the equation of state w(z).

B. Discrimination precision

Measurements of cosmological parameters show that
w3bs ~ —1 irrespective of which proxy or measurement
method—supernovae, CMB, or LSS—has been used.
This means that |F;(z) — 1| =0 and dF;(z)/dz =
Moreover, the addition of F;(z) to the model increases
the number of parameters. Given the fact that we have
essentially two observables: H(z) and one of D4(z), D;(z)
or B(z), a greater number of parameters also means greater
degeneracy, and thus more uncertainty for discrimination
between ACDM, noninteracting quintessence, and inter-
acting dark energy models.

One way of measuring the presence of interaction with-
out having to fit data to the large number of parameters in
Eqgs. (16) and (21), is to measure how different Qiz) ng‘f) ,

yi’é), and y¥(z) are, because as we discussed in the

previous section, when F; # 1 these effective quantities
are not the same. To this end, a natural criteria is

O(z) =
Qi

This quantity can be explained explicitly as a function of
Q;, Fi, v, and is zero when F; = 1, dF;/dz = 0. Note
that we have chosen expression (22) for comparlson rather
than (17) because it is not possible to determine Qeff) ina
model- 1ndependent manner see E(} (23). By contrast
Q eﬁ Qe thus yeﬁ and thereby w g ) can be determined
without any reference to the F; coefﬁ01ents In [54] we

(24)

(z) + DA + Z)3Ym (2)

suggested to use the sign and evolution of A(z) to dis-
criminate between dark energy with y(z) # 0 and a cos-
mological constant. Here O(z) plays a similar role in
discriminating between interacting and noninteracting
dark energy.

Assuming that €),, and (), are determined indepen-
dently and with very good precision, for instance from
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CMB anisotropies with marginalization over 4., ® can be
determined from the measurement of H(z) and B(z). The
latter can be measured from whole sky or wide area
spectroscopic survey data such as Euclid, or multiband
photometric surveys such as DES. Evidently the determi-
nation of B(z) which depends on dH/dz is very difficult.
However, it is easy to see that there is no other quantity that
can be measured more easily and discriminates between
the ACDM and dynamical dark energy models with a
better precision. For instance, the BAO method determines
H(z) and D,(z) directly. But, D4(z) depends on w(z) or
equivalently y(z) through an integral, see Eq. (A9).
Therefore, it is less sensitive to the variation of y(z) with
the redshift. This is analogous to binning a data. Evidently,
a binned data is less noisy and has a smaller uncertainty.
But, if the goal is to measure the variation of data, the
binning can completely smear out small variations.
Therefore, irrespective of methods and measured proxies,
we are limited by the inherent properties of the physical
system. In this respect, the precision with which ®(z) can
be measured gives the ultimate sensitivity of an observa-
tion/data set to deviation from ACDM.

III. INTERACTIONS

In the previous section we used the Friedmann equation
for parametrizing the interaction between matter and dark
energy. Evolution of their densities is ruled by energy-
momentum conservation. But, in the presence of non-
gravitational interactions between the constituents the
energy-momentum tensor of each component 7" is not
separately conserved, and the conservation equation can
only be written for the total energy-momentum tensor 74
defined as

THY = ZTﬁfIr}ee) + T8/, (25)
i
Th = ZT;(‘;%);V + T, =0, (26)
]
where T;(Lflr/ee) is the energy-momentum tensor of the

component i in the absence of the interaction with other

components, i.e. Tjg..., =0, and 7" is the energy-

momentum tensor of the interaction,” and Ti’;t'jy =0.In
the literature on interacting dark energy models (see e.g.
[39]) when only two constituents—matter and dark
energy—are considered, the energy-momentum conserva-
tion equations are usually written as

T"lzy;v = Q'ur Tgy;v = _Q'M (27)

"Nongravitational interactions between cosmological constit-
uents must be weak. Therefore, separation of the energy-
momentum tensor to the free and interaction components is
allowed.

PHYSICAL REVIEW D 86, 043503 (2012)

for an interaction current Q*. Comparing (26) and with
(27), it is clear that the tensors in the left-hand side of
equations in (27) do not correspond to free energy-
momentum tensors, and along with Q# they are obtained
somewhat arbitrarily by the division of (26). In fact, the
equations in (27) are inspired by the perturbation theory in
which for each perturbative order, the right-hand sides of
these equations are estimated by using quantities from one
perturbative order lower. Thus, they constitute an iterative
set of equations from the zero order (free) model in which
Q" = 0, up to higher orders. This approach is not suitable
for dark energy where we ignore, not only interactions but
also the free model. Therefore, a more general expression
should be used:

Thn'., = —0Om Te", = =06 (28)
Tl w = Om + Q.

In these equations the matter and dark energy tensors 75~
and T," have the same expression as in the absence of
interaction, but with respect to fields which are not free.
These expressions can be justified by considering the
Lagrangian of the model. In the Einstein frame the
Lagrangian for a weakly interacting system can be divided
into the free and interaction parts:

L=Li+ L (29)

Considering only local interactions, in the dynamics equa-
tions for the fields partial derivative of L;,, with respect to
each field determines the interaction term. Dynamic equa-
tions can be related to energy-momentum conservation
equations (27) [40]. Therefore, interaction currents Qb
and QY are generated by partial derivatives of L;,, with
respect to the corresponding field.

In the previous section we explained that the scalar field
in scalar-tensor modified gravity models is related to a
dilaton. Consequently, the interaction term is proportional
to the trace of matter, see Eq. (10) for an explicit example
of f(R) models. In this case there is no interaction between
the scalar field and relativistic particles, and it can be
shown that Qf, = —Q% [21], i.e. TE., = 0 and the con-
servation equations in (27) can be used. The interaction
current Q* for these models can be written as

o+ = C(@)T,, 0" ¢, (30)

where T,, = g, T . In the f(R) models the coupling C is
a constant. Here we consider ¢ dependence to cover the
more general cases. Some authors have also considered
Q* o T,,uly for the interacting quintessence models [41].
In fact, the interaction current of the interacting dark
energy models in the literature is usually considered to
be Q° x p,, = T,, for cold dark matter, i.e. similar to what
is obtained for the f(R) modified gravity models [21].
However, given the fact that these models share some
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important properties with the modified gravity models,
such as the absence of interaction between relativistic
matter and the scalar field, we classify them in the modified
gravity category. In fact, interactions in interacting quin-
tessence models can be more diverse than in this simple
case. In the rest of this section we describe how they can be
formulated without considering their details.

In the context of quantum field theory, the Lagrangian £
can be easily written for various types of fields and their
interactions, see e.g. [43]. But these formulations are usu-
ally complicated, and are necessary if the microphysics of
dark energy models is studied. There are various ways to
write £ and/or T*” with respect to macroscopic quantities
which are a priori measurable from cosmological obser-
vations. For instance, one can use a fluid description for
components. The Lagrangian of a fluid is defined as [77]

1 1
-Ef = E(P + p)gMVuMuV +Z(P - p)gu,vg'bw

1
+ 58w, 31)
p=K+V, P=K-V, (32)

where K and V are, respectively, kinetic and potential
energy, and II1#” is the traceless shear tensor. Note that if
we impose the traceless condition on the Lagrangian, the
last term in the right-hand side of Eq. (31) becomes zero.
Therefore, this term must be considered as a Lagrange
multiplier, and the traceless condition is imposed after
determination of T ;‘ Y [77). Tt is easy to check that the
Lagrangian L, leads to the familiar expression for the
energy-momentum tensor of a fluid:

2 [a(\/—_gﬁ) 4 (8(J—_g£)>]
J=eL dgu PN3(0,8u) /1
T4 = (p + P)utu” — gh'P + T,

THY =

(33)

Transformation of a Lagrangian written with respect to
fields to a fluid description is easy, and one can determine
the energy-momentum of the interaction 7%, and the cur-
rent Q* defined in (28) directly and without any ambiguity,
see Appendix C. However, their descriptions as a function
of the density and pressure of the fluid depend on the
self-interaction potential V(¢). For instance, a Higgs-like
interaction between a scalar and a fermion o« @i/
is described as « (p, — P,)(p, — PQD)‘/2 if V(p) x @2,
and as = (p, — P,)(p, — P,)"/* if V()  ¢*. There-
fore, when the objective is a general parametrization of
interactions without considering the details of the under-
lying model, this type of description is not very suitable.
A more serious problem of the fluid description of the
interaction Lagrangian is the fact that the conservation
equations in (28) are equivalent to the field equations and
can be obtained from them [40]. Therefore, they do not
contain quantum processes such as decay and scattering.

PHYSICAL REVIEW D 86, 043503 (2012)

It is well known that the Boltzmann equation plays the role
of an intermediate between quantum and classical descrip-
tions of interacting systems [78—82]. In this case, compo-
nents are defined by their phase space distribution f(p, x),
where p and x are, respectively, momentum and spacetime
coordinates. Interactions are included as collision terms in
the right-hand side of the Boltzmann equation [83-85],
from which one can obtain energy-momentum and number
conservation equations directly:

afi
PaLS )~ Tl pt 0L = LI = Cp, (34)

ntt, — ] dpCilp, )

(35)
__ 8 4 2 =2 2
dp = d*pd(E- — — m?),
T, — f dpp*Cilp, ) (36)

where g is the number of internal degrees of freedom (e.g.
spin) of species i. The conservation equations (35) and (36)
are obtained by using the following property of the
Boltzmann operator L defined in (34), see e.g. [84]:

[[di)p"p“'p“z —.pPf(p, X)]

"
=[[apprp=ccpmetlipon] 67

Collisional terms can be written by using the cross sections
of the interactions which can be determined separately
from the quantum formulation of the model [60,83]. In
the context of interacting dark energy models, the simplest
examples of collisional terms are elastic scattering between
dark matter and dark energy and slowly decaying dark
matter with a small branching ratio to dark energy [40].®
Note that we assume no interaction between dark energy
and visible matter and radiation. For these interactions the
collisional terms are

Cm(p’ X) = _rmmmfm(Pr X) - fm(p’ X)

X /dﬁ¢f¢(p¢,x)Ak(P, ptp)a-m(p(p’ pga)

+ fdﬁmdﬁ¢fm(pm) x)fqp(pgp) x)Ak(pmJ Pq;)

y do o (Pm P P)

dp , (38)

8In models where energy is transferred from dark energy to
dark matter, the interaction must be nonlinear and very sophis-
ticated such that a very light quintessence field must be able to
produce massive dark matter particles. At present, no fundamen-
tal description for such models is available.
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dM(p,, p)

C(p(ps .X) = mem fdﬁmfm(pm’ )C) d[_J - f(p(p’ X)

X [dﬁmfm(pm’ x)Ak(p’ pm)a-mgo(pm’ p)

+ [dpmdﬁ¢frn(pmrx)f¢(p¢’x)Ak(pnv p(p)

% da—m(p(pmr P> P)

p , (39)

Ar(py, p2) = [(pr.pa)?* — m2m3]V/2, (40)

where I',, is the total decay width of dark matter,
M(p,, p) is the multiplicity of ¢ with momentum p in
the decay remnants of dark matter particles with momen-
tum p,,, and ,,,(p,., p,) is the total cross section of the
interaction between dark matter and dark energy with
momentum p,, and p,, respectively.9

The disadvantage of this approach is that it needs phase
space distribution of components which is not always
available, especially for dark energy. Moreover, the ab-
sence of an explicit description for the Lagrangian means
that the total energy-momentum tensor needed for deter-
mining Einstein equations and metric evolution, can be
obtained only by solving Eq. (36) for all components.
These equations are differentio-integral and usually do
not have an analytical solution. Thus, in practice interact-
ing models can be studied only numerically, otherwise one
needs to consider some approximation. For instance, dark
energy interaction with matter must be very weak. Thus,
|TEY| < |3, T!"|. Therefore, we can neglect its contribu-
tion in the total energy-momentum tensor and Einstein
equations.'® As for the integration of the collision term
in Egs. (35) and (36), under some physically motivated
assumptions they can be simplified and integrated. For
instance, when dark matter is assumed to be a scalar, the
expression for the scattering cross section is very simple,
see e.g. [40]. It is simply proportional to the coupling
constant and delta functions for energy-momentum con-
servation. It is expected that the mass of the quintessence
field be very small, especially much smaller than the mass
of dark matter. The momentums of both components are
also expected to be small. In this case, their distribution at

“Note that although dark energy is a condensate, i.e. its
particles have the same energy, presumably zero momentum, a
general condensate state can contain a very large number of
particles in different energy levels, see [43] for more details.

°In some dark energy models, such as early dark energy, it is
assumed that the density of dark energy at high redshifts is much
larger, and only at low redshifts it is reduced. Although at
redshifts relevant for dark energy surveys the cosmology must
be very close to ACDM, one must be aware that in many models
of this type, the approximation of weak interaction can be
applied only at low redshifts. It is also expected that these
models leave a detectable signature on the CMB spectrum
[66,67].

PHYSICAL REVIEW D 86, 043503 (2012)

large momentums is strongly suppressed, and the cross
section around the peak of distribution can be considered
to be approximately constant. Under these simplifications,
it is easy to see that scattering term in the right-hand side of
(36) is proportional to integrals of the form:

[dﬁldeP{Lfl (P1, ) f2(p2, x)

= ”{L/dﬁzfz(l?z, x)

n“u
~-Lr fdﬁngfz(l?zyx)
my
n“u, n?
= (41)
my
n v o
u%‘zni , n{-‘zizﬁ’ (42)
' |”i| ' m; m;

where n! and u! are number density and velocity of
species i, respectively. The approximate expression for
n* in (42) is valid when the distribution in momentum
space is concentrated around a peak. Using similar approx-
imations, the decay terms in the right-hand side of (36) can
be also described as a function of the velocity and number
vectors. Finally, after grouping all the constant or approxi-
mately constant factors together, the energy-momentum
conservation equations for dark matter and dark energy
can be written as

Th" . = —Lynm + Aysniug,n = O, (43)

T4, = Loniy + Agnlpu,,nn = Qf,  (44)

where constants L; and A, are the decay width and scat-
tering amplitude for species i. In the rest of this work we
use these equations as an approximation for the energy-
momentum conservation equations irrespective of dark
matter type (spin) and the details of the interaction between
two dark components. They affect the constants L; and Ajg
which are used as parameters. One can also add a dark
matter self-annihilation term to (43). But, it is easy to show
that self-annihilation is proportional to |n,,|*>. Thus, it is
only significant in dense regions, i.e. at small spatial scales
such as the central region of dark matter halos, which are in
the nonlinear regime and are not studied in the present
work. Here we only consider homogeneous and linear
perturbations. Therefore, the effect of annihilation is neg-
ligible. We remind that Eq. (43) is not restricted to cold
dark matter and can be also used for relativistic matter, for
instance neutrinos in the early Universe, or a hot compo-
nent at low redshifts.

Although in the rest of this work we consider the inter-
action terms described in this section, for what concerns
the study of differences between the modified gravity and
interacting quintessence models, the formulation of anisot-
ropies and discrimination methods explained in the next
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two sections can be applied to other choices of interactions.
It is enough to find an interaction current similar to what
we have found for the decay and scattering above and add
them to the right-hand side of Eqgs. (43) and (44).

IV. COSMOLOGY AND EVOLUTION
OF ANISOTROPIES

In this section we first determine the F; coefficients
defined in Sec. II for both the modified gravity and quin-
tessence models according to the interaction currents and
energy-momentum conservation equations obtained in the
previous section. Then, we consider the effect of the inter-
actions on the evolution of the anisotropies, and describe
how the interaction parameters can be extracted from the
data.

A. Interaction coefficients in the
Friedmann equation

1. Modified gravity

Using the energy-momentum conservation equation (28)
and the interaction current for the modified gravity models,
the scalar field equation and the evolution equation of the
homogeneous matter density can be determined as the
following [21]:

@' +2H @ + a’V,(p) = a*C(@) (p; — 3P)),

/ (45)
a
3—[—;,
_l+35-[ _i+Pi =C_ o' _[_3[_)[’
p; (p ) =C(@)@'(p ) 46)

i=mb,h,

where barred quantities are homogeneous components,
the subscriptp means the derivative with respect to ¢.
Note that here we have generalized the original calculation
in [21] by considering a ¢-dependent C(@) coefficient in the
right-hand side of these equations to cover a larger class
of modified gravity models, see e.g. [39]. For f(R) models
C = {4wG/3[21]. Equations (45) and (46) are coupled and
an analytical solution cannot be found without considering
an explicitly V(¢). Therefore, to solve the equation for p,
which is in fact the only directly observable quantity, we
simply consider the right-hand side of the equation as a
time-dependent source. The solution of Eq. (46) can be
written as

pi(2) = pi(zo)(1 + g3 Hwiell=3wiF(@),

(47)
F(g) = [ C(@)de,

i=mb,h,

where w; = P;/p, for all species except dark energy are
assumed to be constant and are given in Eq. (14).
Comparing this solution with (3), we find:

PHYSICAL REVIEW D 86, 043503 (2012)
Fi(z) = 173WF@E) = 1 + (1 — 3w)F(¢(2).  (48)

In the f(R) models, C(p) = \/47wG/3 = C [21] is a con-
stant, thus

F(@) = Co(z). (49)

Using the transformation from the Jordan frame to the
Einstein frame @(z) = In(fgx(z) + 1)/2C [21], one can
relate F;(z) to fg:

1 —3w;
Fi@ =1+ (Z—W) In(fg + 1) = (1 + f)~173wi/2),

(50)

The approximate expression in (50) is the same as Eq. (14).
Note that in (47) all constant coefficients, including
(1 + fx(z0))~1=3%i/2  are included in p;(z). A priori one
can test the presence of a f(R) modified gravity by measur-
ing simultaneously F,,(z), F(z), and the equation of state
of dark energy from Eq. (13). In fact, in this equation if we
neglect the last term that depends on the time derivative, the
effective dark energy density becomes

3 fp (_dlnf(R)_R)
87G 1 + fy 6dR 6/

Pde (5D
To be consistent with observations, f(R) cannot be a fast
varying function of R. Therefore, the dominant term in (51)
is the term proportional to R which makes the relation
between pg., R, and f(R) very simple. Other F;’s and the
evolution of the corresponding densities have also known
expressions, notably F,(z) = 1. Therefore, a priori simul-
taneous fitting of these quantities can test the f(R) modified
gravity models. More generally, in modified gravity models
the dark energy term in the Friedmann equation is an
effective contribution generated from nonconventional in-
teraction between matter and gravity. Therefore, it is more
correlated to matter than in the ACDM or (interacting)-
quintessence models. In the former a priori there is no
correlation in the dark sector, and in the latter case the
interaction can be very small and is only necessary for
reducing fine-tunings and making the model more natural.
Similar correlation tests can be performed for other modi-
fied gravity models too. Evidently, giving the small devia-
tion of dark energy from a cosmological constant, the
measurements and calculation of correlations are not trivial
tasks. Furthermore, the discrimination must be cross-
checked by using anisotropies for distinguishing between
dark energy models, explained in Sec. IV B.

2. Interacting quintessence

In the same way, we can determine F; coefficients for
(interacting)-quintessence using Eq. (43). We replace n*
with approximation (42) and include the 1/m factors in
the L and Ay coefficients. After these simplifications, the
evolution equation for the density of interacting quintes-
sence models becomes
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pi+3H(p, + P) = —Liap;, + Agap;p,,  (52)

where i indicates any cold matter or relativistic species that
interact with quintessence field."" A clear difference be-
tween the interaction term in (52) and (46) is that the
former does not explicitly depend on the scalar field, and
therefore we do not need to know and solve a field equation
similar to (45).'% The solutions of this equation and corre-
sponding F,’s are

pi(2) = pi(zo)(1 + 7)30+w)

X exp(L,»(T(Z) = 7(20)) + Ay [dz %)’
(53)
F i) = exp( L)~ e + s [ e P
N 3 b4 /3¢(Z)
~ 1+ Li(1(zg) — 7(2)) + A fzo ARG
(54

where 7(z) is the age of the Universe at redshift z. Note that
even in the absence of expansion, the density of dark
matter at high redshifts is higher if L; > 0.

Along with the consistency relation explained above
for the modified gravity models, the explicit dependence
of (54) on measurable quantities p,(z) and H(z) a priori
allows to discriminate between interacting quintessence
and modified gravity models. Note that the prior knowl-
edge about the evolution of these quantities are mandatory
for distinguishing the underlying model and without such
information one cannot single out any of these models.

B. Matter perturbations in interacting
dark energy cosmologies

Although dark energy influences the evolution of per-
turbations mainly through quantities related to the homo-
geneous component—background cosmology—the study
of anisotropies can be a powerful means both for measur-
ing the equation of state and for discriminating between
candidate models. Standard candles, such as supernovae
type la, allow direct measurements of distances, and
thereby cosmological parameters. However, they are rare

"f species i has an interaction with another component, for
instance is scattered by another species, we can add a second
scattering term to (53). The best example is the scattering of
photons or neutrinos by baryons. Here for the sake of simplicity
we neglect such interactions which are not the main concern of
this work. However, in a full formulation of the problem they
should be considered, especially if they can mimic an interaction
with dark energy.

2For f(R) modified gravity in which C is constant @’ in (46)
can be replaced by an expression depending on density and
pressure, and there is no need for solving the field equation of
the scalar field either.
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events, can deviate from being standard due to absorption
or late detection [86], subtypes, and dependence of their
light curve on other properties such as metallicity, mass,
and magnetic field of progenitors [87]. Determination of
dark energy properties from the evolution of perturbations
provides additional information and a means for cross-
checking the two methods.

Matter perturbations in presence of an interacting dark
energy [88] and in the f(R) modified gravity models
[19-21,56] have been calculated by various authors, thus
here we do not repeat them and simply use their results.
Our main objective is to find and discuss features that can
be used for discriminating between dark energy models.

Considering only scalar perturbations, we define the
first-order metric in conformal gauge as follows:

ds* = a*(n)[(1 + 2¢(x))dn* — (1 — 2¢(x))5;;dx'dx’].
(55)

As we mentioned in the Introduction, for modified gravity
models we write the evolution equations in the Einstein
frame. Thus, here only their interaction terms distinguish
them from the quintessence models.

We use a fluid description for both matter and dark
energy. After linearizing the energy-momentum conserva-
tion equations and taking their Fourier transform with
respect to spatial coordinates, the evolution equations for
density and velocity perturbations of the matter component
i and dark energy can be written as

5p£[) + 35-[6p(1)(1 + C?(i))
+(1+w)py B3¢ —ikvl,)=580Qwm  (56)

(L+we)pova;) +4H (L +we)pove;
— ik Coy p ) — ik T, — ik (1 + wip) b ¥ = 80,
(37

8pl, +3H 6p,(1 + C2,)
= (1 + wy)p,(3¢' — ikjvp) = 80y, (58)

(1 +we)pyvy;) + AH (1 + Wo)PoVyj — iijggpﬁp@
— ik 1L, — ik;(1+ wp)p, o = 60, (59)

where Cf(l.) = 6P;)/8p; is the speed of sound for species

i, v(; is its velocity, and Hfi)j is its anisotropic shear. The

perturbation of the interaction current for the modified
gravity and quintessence models derived from (30), (43),
and (44) are the following:

BTo prevent confusion between spacetime indices and indices
indicating the species, when there is a risk of confusion we put
the latter inside brackets
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Modified gravity:
8030 = ppl(1 = 3w)C,(2)@'d¢
+ C(@)((1 = 3w))de" + (1 — 3C§(,’))¢/6(i))]

= _5Q¢>O: (60)
80 = ik;,C(@)py(1 —3wp)de = —8Q,),
. (61)
i=m,b,h.
Interacting quintessence:
Qo = —aLy(Spu + po) + aAyy[pedpa
+Pw(8py + Pyth)] (62)
8Q); = avp;(—Lop + ApPiPe), (63)

5ng0 = aL(p((Sp(l) + l//p_(l)) + aAgosl:(Spqpp(i) + p¢5p(l)

)] (64)

80Q,; = av)(Lypg) + A Pi)Py)

i = all matter interacting with ¢...

_ 1+C:
_p(l)8p¢(1 +WSKP
¢

(65)

In (60), C,, is the derivative of C(¢) with respect to ¢. To
obtain these equations we have used the following defini-
tion and properties:

— 172 2 1 m
Py = UiguthenTe” = 50,09% 0 + V(p),
(66)
1
P, = 53;&3“40 = V(p), 67
U e
up)t = —— = , (68)
( 9,00 @ (p¢ + P¢)(1/2)
dp, + OP 0
Pe ¢ _ [ ad (_5€0) + ‘/’:I ©9)
Pt Py (P, + P(p)(l/Z)

Evidently, these equations are valid for both modified
gravity and interacting quintessence. They are also highly
coupled; thus, it is impossible or very difficult to find an
analytical solution for them. To complete the evolution
equations for modified gravity, we also need the evolution
of 6¢. This can be obtained by expanding the field
¢ = o + 6¢ and using the covariant field equation, see
e.g. [43]:

1
ﬁaﬂ(ﬁgﬂ"aw) +Vo(g) = CP)T,, (70)
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S¢" +2H 59" + (@' +2H p)
(1” a//
+ lp(gza" +2H o + 2—@) - (k2 -—+ VW,)BQD
a a
= C(@)dT,, + C,Té¢. (71)

As we mentioned in previous sections, solving these equa-
tions is not the main aim of the present work. Our goal is to
single out the differences in these models that can be used
for discriminating them from other models. For instance, in
modified gravity models the perturbation of interaction
current does not depend on the metric perturbations
and ¢. By contrast, in interacting dark energy the current
perturbation depends on the metric perturbation and it is
easy to that:

term o« ¢

1. 72
term « & (72)

Because according to observations 8¢, ¢', and 8¢’ are
very small, in both models the terms proportional to
8, = 8p;/p; are dominant. In this case, it is easy to see
that for modified gravity §Q(;o = C(¢) and for interacting
quintessence §Q ;)0 * (—L, + Ay;p,)- Although a priori
these quantities evolve differently, both of them are ex-
pected to vary very slowly. Thus, it is not possible to
distinguish them, especially in a model-independent way.
Other properties such as (72) cannot be used directly either.
Nonetheless, they influence the growth rate « §/8;, den-
sity power spectrum, and density-velocity correlations, etc.
In the next section we discuss how these measurable
quantities can be related to the interaction current, and
thereby allow to discriminate between modified gravity
and quintessence models.

Perturbation equations (62)—(65) depend on metric per-
turbations ¢ and ¢, and their time derivatives. These
quantities can be determined from the Einstein equations
for perturbations (see e.g. [89]):

K¢ +3H (' + H ) = 4nGa*D 5p,, (73)
(P + Hy) = —477Ga22ikjv{l.)([)(,-) + P, (74)

2 " 2 k2
@+ HW 200+ (e v

= —4nGa’) 5P, (75)

I (p — i) = —1277Ga22<kjk1 - %8§)H{m. (76)

Note that in these equations the interaction energy is
neglected. The reason is that we need 7%, which in the
phenomenological description of interactions is not
known. Nonetheless, its omission in Egs. (73)—(76) should
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not induce large errors because present observations show
that any nongravitational interaction between various con-
stituents of the Universe—if any—must be very small, and
therefore this approximation is justified. Metric perturba-
tions ¢ and ¢ cannot be directly observed, except through
lensing. Otherwise, they can be extracted from these equa-
tions when density-density and density-velocity correla-
tions, and induced anisotropic shear H(l.) , are determined

from the LSS data.

Although phenomenological interaction currents (43)
and (44) are inspired from the well-understood scattering
of particles, one cannot rule out other types of interaction.
Even for these cases a priori one should be able to write
equations similar to (62)—(65) and (72). The fact that the
latter relations are independent of the strength of the
coupling between dark energy and matter proves that find-
ing a different proportionality between the ¢ and § terms
would be a clear signature of an unusual quintessence
model, e.g. one with a nonminimal interaction with gravity.
Evidently, such measurements are not easy. Nonetheless,
with the huge amount of data expected from near future
surveys and their better precision, more accurate measure-
ments of the parameters should be possible, and the preci-
sion analysis necessary for detailed examination of dark
energy models should be achievable.

V. ESTIMATION OF FORECAST
PRECISION FOR SURVEYS

In this section we first describe how in practice the
background cosmology parameters defined in Sec. II are
calculated. Their uncertainties determine how well a
survey can discriminate between modified gravity and
(interacting)-quintessence models, independent of the
data type or observation method. Then, we calculate and
parametrize the evolution equation of the growth rate of
matter anisotropies and discuss its measurement uncer-
tainty. As an example we make an order of magnitude
estimate for the expected uncertainty of these quantities
for the Euclid mission [55]. As we mentioned in the
Introduction, a proper forecast requires a detailed study
of the observational effects and uncertainties which is
beyond the scope of the present work.

A. Discriminating between a cosmological
constant and other models

As we discussed in Sec. II B, the discrimination ability
of surveys between a cosmological constant and a redshift-
dependent dark energy can be evaluated by using the
function O(z) defined in (24). To calculate the quantity
0 and its uncertainty, we need to know uncertainties of the
estimation of the effective background cosmological pa-
rameters. The function ® depends on ngif) wiﬁ)(z), Q(;f‘f) ,
and wgt}f) (2), the effective dark energy fractional density and
equation of state dark energy determined, by fitting H(z)

PHYSICAL REVIEW D 86, 043503 (2012)

and A(z), respectively. By measuring H(z), from either
supernovae or BAO data, one can determine wgfif) (z) and

Qiﬁ) relatively easily. On the other hand, the measure-
ments of wg'?f) (z) and fof‘f) are less straightforward, because
one has to determine dH/dz, or equivalently dD4/dz and
d’D,/dz* (see Appendix A for the relation between these

quantities). For this reason, the uncertainty of © is domi-

nated by the uncertainties of w'(z) and Q4. Finally, the
coefficients F;’s that present the evolution of the equation
of state of various constituents, are determined by fitting
the deviation of H(z) from the null hypothesis of a ACDM
cosmology. However, as we argued in Sec. I, there are
strong degeneracies between F;’s and y(z) which can be
resolved only by using other types of data, in particular,
matter anisotropies, see Sec. V B for more details.

As an example, we estimate the uncertainty of ® for the
Euclid mission. For the parametrization weg(z) = w), +
w,z/(1 + z), according to the Euclid Red Book [90], the
standard deviation for these coefficients are expected to be
o, ~0.015 and o, ~ 0.15 for Euclid data alone, and
oy, ~0.007 and o, ~ 0.035 for Euclid + Planck data.
No forecast for the expected uncertainty of dH/dz is yet
available. For this reason, we simply use error propagation
rules to determine a rough estimation for o,y /4, from the
available forecasts. We approximate dH/dz with its defi-
nition as a difference ratio: dH/dz = AH/Az, then we use
the general uncertainty propagation rule to a function of n
variables f(x;, ..., x,):

af of
2 —
Jj=1...n

where C;; is the covariance matrix for random variables
X1, ..., X,. Assuming o /H ~ 1%, negligible error for z,
and F; ~ 1, the dominant source of error in dH /dz from
w(z). Because the coefficients of derivatives with respect to
these parameters in (77) is roughly of the order of 1,
we estimate o p/4./(dH/dz) ~ 10-15%. Functions A(z)
and B(z) are related to dH/dz, see (A3), and when the
uncertainties of the H, density fractions ();’s and redshift
z are much smaller, o w /w(z) ~ Tow /0% ~ o, ~
Oa/a; ~ 10% around an optimal redshift of z~0.5.
Measurement precisions of F;’s also are of the order of
precision of dH/dz, ie. o5 /F;~ ouna./(dH/dz) ~
10-15%.

Evidently, uncertainties obtained here are very rough
estimations. The aim of these exercises is just to show
what level of error we expect from near future surveys.
A proper prediction requires a detailed simulation of
measurements and data analyzing methods, instrumental
effects, and systematic and statistical errors. They need a
dedicated study which we leave to a future work.

Finally, we want to make a remark about the redshift
dependence of w(z), which in the literature is usually
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parametrized [72]. In Appendix A we show that for the
same value of w at two different redshifts, different pa-
rametrizations lead to a very different evolution for A(z).
Conversely, if we estimate w(z) from the measurement of
A(z), the parametrization of w(z) can lead to a very differ-
ent evolution for this function, despite the employment of
the same data for A(z). Therefore, we must estimate w at
each redshift without parametrizing it. As for the estima-
tion of uncertainties, for instance from the Fisher matrix,
they can be determined from the set of {w(z), y(z), z} at
every redshift bin rather than from a parametrization,
see Appendix B

B. Discrimination between modified gravity
and interacting quintessence models

If we observe a nonzero ®, then we must use the power
spectrum and growth rate of perturbations to investigate
the nature and origin of deviation from a cosmological
constant. The comparison between the evolution equation
of modified gravity and interacting quintessence models in
Sec. IV B showed that their interaction currents are very
different, and thereby the evolution of matter anisotropies
and dark energy density in these models are not the same.
In fact, if we could decompose the interaction current to
terms proportional to scalar metric perturbations and mat-
ter density fluctuations, it would be possible to distinguish
between these models. However, in practice measured
quantities are matter power spectrum and its growth rate
f(z, k) is defined as

dlnD 5,
dlna .’]—[5,"’

8,(z, k)

D= "0

f(z, k) = (78)

The function f(z, k) is usually extracted from the power
spectrum using a model [91-95], for instance, a power law
for the primordial spectrum, including its modification by
the Kaiser effect [96-99] and redshift distortion due to the
velocity dispersion [100].

To obtain the evolution equation of f(z, k), we replace
potentials ¢ and ¢ by expressions depending only
on 8, =6p,/p, and 6,, = zk]v(m) Assuming a negli-
gible anisotropic shear at z < O(1) which concerns
galaxy surveys, scalar metric perturbations—gravitational
potentials— and ¢ can be determined from the Einstein
equations (73)—(76):"*

47Gp,,
k?

b=y = (8 +3(+wm)g{0)+A¢

(79)

"“In this section for the sake of simplicity of notation we
consider that F;’s factors for spe01es are included in w;’s, i.e.
(1+ z)” F; is redefined as (1 + z)*%®@ and w; is obtained from
(2) using this redefined ;. Therefore, for 1nteracting dark energy
models w,, is nonzero and in general depends on redshift.
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477G 5
0=y ot £ 0
¥ = =T (on+ (3 )1 + w0 ")

+ A, 81)

AP = —HAY +47Ga*6¢(p, + P,)/2.  (82)

Note that in (79) and (81) we have separated terms which
vanish for the ACDM model and written them as A ¢ and
A¢'. As observations show that dark energy behaves very
similar to a cosmological constant—at least for z =< O(1),
both these quantities are expected to be very small. It is
why we write them as a variation of ¢ and ¢'. For future
use it is also better to redefine them as follows:

8 Hp, + P,)Ps
=P o TP PTo0 )
P Pm
47Gp,,
Ay =P () — 3ey), (84)

47Gp,, H k?
A(ZS/ = _7](2 (EO - (3 + ﬁ)el)' (85)
After replacing ¢’ and ¢ in (56) and (57) with (81) and
(79), respectively, the evolution equation of matter and
velocity perturbations can be written as

2
8! + " 4 35{{(1 +C2)6,+ (1 +w )392";5{

m

X [5m + (3 + g’f;z)(l + W)

+ (60 - (3 + g]f[—zz)} +1+w,)0, =080,0 (86)

}[9]

! C2 k?
o+ g 1+ Prg 4 agpg, - Sk s
1+w, m 1+w,
e
— SQ,nﬂ-[2<6m +3(1 +w,) ="+ € — 361)
= ik;80(,, (87)

where 60,0 and ik,»BQém) are interaction currents and

Q,, = 87Ga*p,,/3H?. Moreover, in present and near
future wide area surveys such as DES and Euclid the value
of H /ck < 1.'° For instance, for Euclid H /ck < 0.01.
Therefore, we can neglect terms proportional to JH /k.
Under these approximations, the evolution equations of
density and velocity become:

>Note that the speed of light ¢ = 1 is assumed in metric (55),
and therefore it does not explicitly appear in our calculations.
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Modified gravity:

8, +3H(Coy — wy)8, + (14 w,)0,
~3Q,,(1 = 3w,)C. (o)
= 87TG aj'[el
- 1/2 Q, (1 + C2
s ()20~ 3 2 DL+
87G 20,1+ w,)

a.’}'-[eo,

(88)

C2.k? 3
0, +He, - —"5, —
1+w,

_ABEA - 3w,)Q,
B7G(1 + w,)Q,)1/?

Q
2mj'[2(6m + €y — 361)

C(@)e;. (89)

Interacting quintessence:

8, +3H(CZ, — w,)8,, + (1 +w,)0,, = aAy, €

(90)
2. k? 30,
0, +3He, — 1 +wm8’"_ 5 H2(5,, + € — 3€))
W _
== 1+ w (_Lm + Asmp¢)a0m- (91)

Now that we have the evolution equations for 6,, and 6,,,
we can determine the evolution of the growth rate. The
procedure for calculating df(z, k)/dz is straightforward.
We replace 6, in (89) and (91) with its value obtained from
(88) and (91), respectively, for the modified gravity and
interacting quintessence models. Then, we replace &/, with

apmel

By = — 5 (Col@)1 = 3w, 222

+C(@lalp, + P2
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its value from Eq. (78). The final equation has the follow-
ing general form:

£ H +E(H' + H?)+ 12 FH? +3(C2, — w, ) (H' +£H?)
3
+3(Con —wi) H2 450, (14 w,)2FH2 + 2 CE,
+Eff H + E\k>+ E,H + E;H? + E,=0. (92)
Coefficients Ey, E|, E,, E5, E4 depend on z and k, and have
the following values for the two models discussed here:
Modified gravity:

Ey=C(@)a(p, + P,)PGB(Ch — wy) + 1= 3w,),
(93)

(1 + Wm)(l - 3wm)pm€1

El = C(Sb) j_[(g_p)a(ﬁgp + 13(p)(1/2) ’

(94)

E, =3(1 + w,)(C3, — w,)C(@)a(p, + p¢)(1/z>

aﬁmel

Hs,

<(1 - 3Wm)(1 + C%tp)[)me_o
2(1 +wy)p,o,

- C¢(¢)(1 - 3Wm) - C(@)a(ﬁgo + p(p)(l/Z)

+3(C2, — wm>),

(95)

E3

_ 39,0 +w,) (2 B ﬁ), 96)

2 s, o,

)(1 - 3Wm)(1 + C%go)/_)meo)/
2(1 +wy)p,

+ (3C(p)alp, + P,) P (Chy — wy)) — C(@a(l = 3w,)(p, + P,)/?

ap, €

Hs,

X [c¢<¢>)(1 ~ 3w,)

Interacting quintessence:

Ey = Wma(_Lm + Asmf_)go): (98)
E =0 (99)

E, = 3wma(C§m - Wm)(_Lm + Asm/_)<p)

+ Agmap, (1 + 3wm)§—°, (100)

+C@alp, + P

(1 - 3Wm)(1 + C§<p)l_7m€0
2(1 + wy)p,6,

L3, — wm)>]. 97)

30,1 +w,)* (e 3¢
Ey="m T (0 101
3 2 (5m 5,,,)’ (101)

e/ 2ae
E, = _Asrnaﬁm(_o + 2

~Ly + Agnpo) )
SOy Ap,) (102)

In the calculation of (92)—(102), we have neglected terms
proportional to HH /ck.

For the ACDM model E; = 0,i =0, - - -, 4. For a non-
interacting quintessence model all E; coefficients are zero
except E;5. A notable difference between the modified
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gravity and interacting quintessence models is the coeffi-
cient E; which is strictly zero for the interacting dark
energy models and nonzero for modified gravity that leaves
an additional scale dependent signature on the evolution of
matter anisotropies. The other explicitly scale dependent
term is common for all models and is expected to be very
small because it is proportional to the square of sound
speed which is very small for cold matter. In addition, in
contrast to the rest of the E; coefficients, E| and E; are
dimensionless. Evidently, the contribution of the E k* term
with respect to other terms in Eq. (92) increases for larger
k, 1.e. at short distances. But, the effect of nonlinearities,
i.e. mode coupling also increases at large k, see e.g. [101].
They can imitate interactions and lead to the misinter-
pretation of data. For this reason, it is suggested that
observation of galaxy clusters is a good discriminator
between dark energy models [102,103], because clusters
are still close to the linear regime, but have relatively
large k.

Discriminating a power of a survey can be estimated by
the precision of the E; and E; measurements. However,
one expects some degeneracies when Eq. (92) is fitted to
determine E;’s. Moreover, in galaxy surveys, f and ' (or
more exactly df /dz) are determined from the measurement
of the power spectrum from the galaxy distribution, and
and H' from the BAO effect on the spectrum. Thus,
these measurements are not completely independent. An
independent measurement of J{ and {’, e.g. using super-
novae will help to reduce degeneracies and error propaga-
tion from measured quantities to the estimation of E;’s.
The relation between H ' and B(z) defined in (A5) shows
the logical connection of parametrization of the homo-
geneous component—background cosmology—and the
evolution of fluctuations, especially in what concerns the
discrimination between dark energy models. In fact, an-
isotropies depend on the equation of state of matter, which
in the context of interacting dark energy models, is modi-
fied by its interaction with dark energy. Thus, their inde-
pendent measurements optimize their employment in
distinguishing between various models.

Although a priori df/dz can be determined directly
from the data by differentiating f, usually due to shot noise
the errors would be very large unless we extensively rebin
the data. However, rebinning smears the redshift depen-
dence, which is the most important information for
discriminating between models. Another approach is to
solve Eq. (92) analytically. It does not have an analytical
solution for the general case, but as we show in
Appendix D, when w,, and C2%, are approximated by
constant values, and the cosmology is matter, the radiation
or cosmological constant dominated, i.e. up to the desired
precision only one component determines its evolution, an
approximate solution can be found. At present the epoch
where matter and dark energy have comparable contribu-
tions, the coefficients in (92) even for ACDM vary with the
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redshift. Nonetheless, their variation arrives very quickly
to saturation. Therefore, the true solution is not very
different from the approximate analytical one under the
explained conditions, and it is possible to determine per-
turbations around the analytical solution by linearizing
Eq. (92), see Appendix D for more details.

A rough estimation of the uncertainties of E;’s measured
by Euclid can be performed in the same manner as that
presented in Sec. VA for ® and F;’s. It is expected that the
growth rate f can be reconstructed from the Euclid +
Planck data with an uncertainty of o¢/f < 3% [85].
Considering Eq. (92) and the estimation of the uncertainty
of JH" obtained in Sec. VA, the uncertainty of o /f must
be ~10%—-15%0. This limits our ability to distinguish
between a ACDM model where E; = w,, = 0, and the
quintessence or interacting dark energy models where
these quantities are not zero. Considering the linear equa-
tion obtained in Appendix D from the expansion of f
around its solution for ACDM, the total uncertainty of
the deviation from this model is roughly the same as that
obtained for f/, i.e. ~10% — 15%. But, the uncertainty in
the estimation of each E; is expected to be larger because
of the degeneracy of these parameters. Evidently, the de-
termination of f and f’ at multiple redshifts should some-
what help reduce degeneracies and improve discrimination
between models. More precise estimations as well as the
estimation of the effect of nonlinearities and the optimal
choice of the scale range need detailed simulation of
surveys. We leave these tasks for future works.

C. Interpretation and comparison
with other parametrizations

It would be useful to have better insight into the physical
meaning of the parameters defined in the previous section,
and to compare them with that used in the literature for
parametrizing dark energy models.

We begin with €, and €; defined in (83). Their defini-
tions show that the former depends only on dark energy
density anisotropy and the latter only on the peculiar
velocity of dark energy field, i.e. on its kinematics, see
(C3). They follow each other closely and approach zero
when the field approaches its minimum value. However,
their exponent close to the minimum depends on the inter-
action. Therefore, their measurements give us information
about the potential and interactions of the scalar field.
Moreover, the difference in the dependence of the evolu-
tion equation of anisotropies and the growth factor to €,
and €; shows that only by the separation of the kinematics
and dynamics of dark energy—scalar field—would it be
possible to distinguish between modified gravity and other
scalar field models.

The deviation of gravity potentials ¢ and ¢ from their
value in ACDM A is the quantity that can be measured
directly from the lensing data [104]. For this reason various
authors have used Ay to parametrize the deviation from
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ACDM [48-51]. However, Egs. (79) and (80) show that
although Ay # 0 is by definition a signature of the devia-
tion from ACDM, in contrast to claims in the literature, it is
not necessarily the signature of a modified gravity model
because quintessence models, both interacting and non-
interacting, also induce A # 0. This is also another
manifestation of the difference between the kinematics
and dynamical effects of the interacting dark energy
models described above.

Because we have used the Einstein frame for both the
quintessence and modified gravity models, in the absence
of an anisotropic shear, ¢ = ¢ even in non-ACDM mod-
els. In linear approximation the gravitational lensing effect
depends on the total potential ® = ¢ + ¢ (see e.g. [104]
for a review). Therefore, in the Einstein frame

q) = 2¢ = 2(// = q)ACDM + 2Allb,

_ 47wGp,, He,\ 47Gp,
(I)ACDM = —2<5m + 3(1 + Wm) k2 ) = k2Am .
(103)
In the notation of [48] ® = 23® ,pu, thus,
Alp €y — 36]
S =1+ = . (104)
q)ACDM kZAm

The other quantity that affects the evolution of lensing and
directly depends on cosmology is the growth factor of
matter anisotropies which determines the evolution of
A,, defined in (103). This quantity can be obtained from
integration of the growth rate f defined in (78) and is
usually parametrized as (),. For ACDM vy = 0.55 [105].
In this respect there is no difference between our formula-
tion and that used in the literature. Evidently, this simple
parametrization cannot distinguish between various dark
energy models. By contrast, the more sophisticated decom-
position proposed in Sec. VB is able to distinguish
between quintessence and modified gravity. Note that
in the Jordan frame there are two other parameters:
n=()—~¢)/¢ and Q= ¢/¢ com- The parameter
3 = Q( + n/2), thus it is not independent. In the
Einstein frame 1 = 1 unless there is an anisotropic shear.
At first glance it seems that there is less information in the
Einstein frame about modified gravity than in the Jordan
frame. However, one should notice that in the Einstein
frame the fundamental parameters are €, and €;, and other
quantities such as A and f can be explained as a function
of these parameters. Therefore, the amount of information
in the Einstein and Jordan frames about modified gravity—
if it is what we call dark energy—is the same. The advan-
tage of formulation in the Einstein frame and the definition
of €, and €; is that they can be used for both major
categories of models. Moreover, they have explicit physi-
cal interpretations that can be easily related to the under-
lying model of dark energy.
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More recently based on an original work by Skordis
[106], two groups [107,108] have suggested new parame-
trizations which are basically only for discriminating
modified gravity models from ACDM. Both groups use
the following approximate description for the Einstein
equation:

1
Guy =Ry —58u,,R=8mGT,, +Up,,.

v 2 (105)

The tensor U, is called the energy-momentum tensor of
dark energy [106], and originally its definition has been for
formulation of all modifications of Einstein’s theory of
gravity. In [107] this tensor is expanded with respect to
potentials ¢ and ¢, and the coefficients of this expansion
are used for parametrizing the underlying modified gravity
model.

Note that Eq. (105) is at all scales an approximation
because the right-hand side is explicitly proportional to
the Newton coupling constant. Considering the f(R) mod-
els which are the simplest modification of Einstein’s theory
of gravity, in contrast to (105), the coupling to matter is
modified in both frames, see Eqs. (8)—(10) for the Jordan
frame, and the formulation of the f(R) model in the Einstein
frame in [21]. In fact, in the Einstein frame the modification
is explicit in the energy-momentum conservation equation.
This means that if a deviation from ACDM is observed, it
would be very difficult to verify the consistency of the
model at short distances because the deviation of coupling
from the Newton constant G is put by hand to zero.
Moreover, this formulation and parametrization by defini-
tion does not help to detect the interaction between dark
energy and matter, because it depends only on the total
variation of metric potentials. In addition, in this formula-
tion U, is assumed to be a conserved component, which as
we discussed in Sec. III, is not consistent because in con-
trast, e.g. to perturbative quantum field theories, we never
measure the free component. Furthermore, Eq. (105) has
exactly the same form for the quintessence models; thus, in
this framework it is not possible to discriminate between
this class and modified gravity models without knowing the
underlying model in detail.

The formulation in [108] uses a Lagrangian formalism
with quadratic and higher order deviations from Einstein’s
theory of gravity. The energy-momentum tensor of dark
energy U,, is obtained be using variational methods
from this Lagrangian. It is a function of g,, or the set
{g w04 ¢} when the dark-(energy) sector also includes
a scalar field. Then, they use 3 + 1 spacetime decomposi-
tion; thus, all coefficients of the above expansion depend
only on time, and apply variational methods to determine
perturbations 6U ,,, around an arbitrary background. Their
formulation is technically and theoretically interesting,
especially for studying various modified gravity models,
but there is neither a model-independent parametrization
for dark energy nor for observables.
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VI. OUTLINE

We have parametrized the interaction between dark
energy and matter for the modified gravity and interacting
quintessence models as modifications of the evolution of
matter and radiation background and perturbations den-
sities, and the equation of state of dark energy. We have
shown that when the interaction is ignored in the data
analysis, the effective value of the parameters are not the
same if we calculate them from the Friedmann equation or
from a function proportional to the derivative with respect
to the redshift of the total mean energy density of the
Universe. We have also defined a single quantity that
evaluates the strength of the interaction. Its observational
uncertainty can be used to estimate the discrimination of
the power of a cosmological survey.

We have obtained a phenomenological description for
the interaction current in the context of interacting quin-
tessence models motivated by particle physics. Based on
these results, we have suggested to distinguish between
modified gravity and (interacting)-quintessence dark en-
ergy models of nongravitational origin by the way they
modify the energy-momentum conservation equation. If
the interaction current is proportional to the trace of
the energy-momentum tensor of matter, we classify the
model as modified gravity, otherwise, as (interacting)-
quintessence and its variants, such as k-essence, quintom,
cosmon, etc.

We have determined the modification of the evolution
equation of density and velocity perturbations in the context
of the modified gravity and interacting quintessence models
discussed above, and used them to obtain a parametrized
description of the evolution equation of the growth factor
that can be used for both of these models as well as a simple
ACDM model, which has been considered as the null
hypothesis in our discussions. The difference between the
value of these parameters can distinguish between the
aforementioned models. We have also obtained order of
magnitude estimations for uncertainties on these quantities
measured with the Euclid mission. A better forecast for
these uncertainties needs simulations of the survey and the
data analysis which we have left to future works.
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APPENDIX A: PROPERTIES OF A(z)

One of the principle aims of LSS surveys is the mea-
surement of the Hubble constant H(z), angular diameter
distance D,, and luminosity distance D;, mainly by mea-
suring baryon acoustic oscillations which play the role of a
reference distance scale [109]. The maximum effect of the

PHYSICAL REVIEW D 86, 043503 (2012)

BAO on the power spectrum is at redshift ~0.3 [109].
However, as we mentioned in the Introduction a direct
determination of y(z) from the Hubble constant, D4, or
D; when z — 0 is not possible. In fact, using Eq. (1) and
the definition of the angular diameter distance, it is easy to
see that

uf (@ +2a00)

— 0,0+ z)z] — InQy, + 3y(z)log(1 + 2).

- Q0,0 +2)73-Q,01+2)*

(AD)

At small redshifts the last term on the right-hand side of
(A1) which contains y(z) approaches zero, and the effect of
the latter becomes negligibly small. Now, consider the
following quantities:

877G

H?(z) = —P(z) (A2)
B(z) = 1 dp _ 2H(z) dH
T3t 22py dz 3HE(1 + 2 dz
(A3)
_ 2H (z) ((1 +z)d5{+ j{)
3(1+2)H, dz '
Q
AG) = B~y ~ 01+ 2) = 52k
= 0y + 1+ 01+ )1+ 270
= Qge(w(z) + 1)(1 + 2P, (Ad)

where H(z) = a/a is the expansion rate of the Universe and
p(z) is the total density at redshift z. It is clear that A(z) is
proportional to the deviation of dark energy from a cosmo-
logical constant at any redshift including z = 0. In addition,
its sign determines whether dark energy has normal or
phantomlike equation of state at a given redshift. It can be
shown [54] that when dw/dz << 3w(z)(w(z) + 1)/(1 + z2),
the sign of dA/dz is opposite to the sign of w(z) + 1. This
condition is satisfied at low redshifts—see examples of the
models in Fig. 1. It means that A(z) is a concave or convex
function of the redshift, respectively, for positive or nega-
tive w(z) + 1. Observations show that the contribution of
Q, and (), at low redshifts is much smaller than the
uncertainty of (),,. The function dA/dz does not depend
on (),,. Thus, the uncertainty on the value of (), can shift
the value of A(z) but it does not change its slope and its
shape, i.e. its concavity or convexity will be preserved.

The function B(z) can be easily related to directly mea-
surable quantities:

D, dZD
L ap (8
3(1 + z)%py dz % dD; _ ) ’

B(z) =

(A5)
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FIG. 1 (color online). A(z) as a function of the redshift. To see how well A(z) can distinguish between various models and how
systematic and statistical errors as well as the parametrization affect the reconstructed model, we consider 3 parametrizations as
written on the plot above. Note that parametrizations for the plot in the center and on the right are equivalent up to a redefinition of
coefficients w, and w;. We first consider a given value for w(z) at z = 0 and z = 3, determine corresponding coefficients wg; and wy;

where index i is for initial. Then to simulate systematic errors we plot the following models: wy = —1 + |wg; + 1], w; = wy; (dotted
line), wy = -1 - |W0i + 1|, wyp = —Wwy; (dot-dash), wy = -1+ |W0i + 1|, Wy = —WwWy; (dashed) and Wy = Wy; and wp = wWy; (fllll
line). The shaded regions present statistical errors. The uncertainty of az is 10 4,—p) = 0.01 (top row) and 1o 4(;—¢) = 0.05 (bottom

row) at z = 0 and evolves with the redshift as o7 ,(z) = o4(z = 0)(1 + z)>. It seems to be possible to distinguish between normal and
phantom dark energy models easily, if uncertainties are limited to few percents. Evidently, achieving such a precision is challenging

even for space missions such as Euclid.

z dz

0 H(z)’

or equivalently with respect to normalized angular
distance:

Dl = (1 + Z)H() (A6)

2
2%+ (1 + 9 %0)

B(z) = (A8)
201+ 2Dy + (1 + )Y’
o HO 4 dZ _ Dl
Da=i ) Ho G+ B

Note that these equations are written for a flat universe, but
can be easily extended to the cases where () # 0.

APPENDIX B: FISHER MATRIX FOR EQUATION
OF STATE OF DARK ENERGY

The Fisher matrix evaluates the sensitivity—information
content—of a measured quantity to variables and parame-
ters that define the underlying model [110]. Under special
conditions, e.g. Gaussianity of distributions, the Fisher

matrix can be related to the covariance matrix of measure-
ments. In the LSS surveys the main measured quantity is
the power spectrum of matter density anisotropies.
Application of the Fisher matrix to CMB [111] and galaxy
surveys [91,92] is well studied and widely used. In what
concerns the measurement of dark energy density, its
variation, and its equation of state from galaxy surveys,
one has to extract H(z) and D,(z) either from BAO
[29,112,113] or by fitting the complete power spectrum
[72]. The Fisher matrix for the two-dimensional power
spectrum is determined by Seo and Eisenstein [93-95]
with H(z) and D4(z) as parameters. A transformation
from these quantities to coefficients of a parametrized
equation of state, for instance w(z) = wy + w,z/(1 + z)
allow to determine the covariant matrix for the measure-
ment of wy and w, [72].

Although a priori the value of these quantities can be
determined at any redshift, in practice the limited volume
and deepness of the surveys allow to determine the power
spectrum at the average redshift of the survey or for some
bins of redshift in the case of large deep surveys. In the
latter case, the estimation of w(z) as a function of redshift
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depends strongly on its parametrization. Figure 1 shows the
plot of A(z) for examples in which w is measured at two
redshifts. It is evident that this quantity and thereby the
underlying dark energy models depend strongly on the
parametrization of w, notably when systematic and statis-
tical errors are added.

Simpson and Peacock [114] use {wq, w,, Qa, Qy,
QO,h% Quh? ng, A, B, ¥, 0,} as independent parameters
for estimating cosmological parameters from the measure-
ment of the galaxy power spectrum. Here w, = —dw/dz,
B(z) = f(z)/b(z) where f(z) is the growth rate of the scalar
fluctuations and b(z) is the linear bias, and vy’ is the
parameter that defines an approximate parametrization

for f(z) = QJ, (z) for ACDM [105]. It can be also shown
that in what concerns the determination of the Fisher
matrix for dark energy, w(z) and dw/dz alone lead to a
singularity.

In place of parametrizing w(z), we suggest using w(z),
v(z) and z to determine the Fisher matrix for dark energy
parameters. It can be easily shown that the Fisher matrix
becomes singular if the first two quantities are considered
[72], because w(z) and y(z) are not independent—if one
knows w(z), then y(z) can be determined from (2). This
problem does not arise when w is parametrized because the
expansion parameters are explicitly independent. The re-
lationship of w(z) and y(z) is very similar to the relation
between H(z) and D,(z). The Fisher matrix for the
{H(z), D4(z), z} set of parameters is calculated in [72].
Using this formulation, a parameter transformation gives
the Fisher matrix for {w(z), y(z), z}. The relation between
Fisher matrices with 2 sets of parameters p; and g,, is [111]

2 _ % . 99
Fij Z ap mna—p"
mn l J

(BI)

For the parameter sets discussed above, the components of
the Jacobian matrix are

0H(z) _ 3H304,

= (@)
o)~ 2H@ LTI (B2)
IH(z) _ 3H5Qyq o
iy~ 2H@ TN+, (B3)
dDA(z) 1 9H(z)
ow(z)  HX2) aw(z)’ (B4)

'SFor the sake of simplicity in the discussion of the Fisher
matrix here, we neglect other cosmological parameters, i.e. we
assume that dark energy parameters can be factorized from other
quantities. In practice, one has to consider a single matrix Fisher
matrix containing all parameters. Thus, there would be one
single covariant matrix that includes correlation of all
uncertainties.
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IDs(z) _ 1 0H(2)
y(2) H?*(z) ay(z)’ ®5)
0H(z)  H} 14+ w(z)
P —2H(Z)(3Qm(l+z)2+29k(1+z)+ 152 )
(B6)
oDs(z) _ 1 1
e GRS S

Alternatively, one of the w(z) or y(z) parameters can be
replaced by A(z) = Qu.(w(z) + 1)(1 + 2)3*~D. In fact, it
is preferable to replace y(z) with A(z), because at low
redshifts the y(z)-dependent term has a very small effect
on the evolution H(z) and D 4. By contrast, the deviation of
A(z) from its value in the ACDM model is maximized for
z— 0, see Fig. 1.

APPENDIX C: FLUID DESCRIPTION
OF A SCALAR FIELD

The energy-momentum tensor of a scalar field is
v 1
Te" = = 58"78770,00,¢ + " V(e) + 393" ¢.

(ChH

Using definition (33) of a perfect fluid, the density and
pressure are defined as

0 @d, e+ Vie),

N[ =

Py = uMu,,Tf;V =
| (C2)
P, = Eaf‘goaﬂgo - V(p).

ut is the velocity vector and u*u, = 1. Itis easy to verify
that with the above definitions for p, and P:

d
u, = n?

“ (py + P ©

APPENDIX D: SOLUTION OF EVOLUTION
EQUATION OF GROWTH RATE

For the ACDM cosmology, E; =0,i =0,...,4. We
also consider w,, = C%, = 0. In this case after dividing
Eq. (92) by HH?, the evolution equation of the growth rate
becomes

f! H' 3
After changing the variable from 7 to Ina, this equation
changes to

1l
dt +(’L,2+ 1)f+f2+§nm=o, v =
dx \x 2 ao(n)
(D2)
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By integrating the Friedmann equation for flat ACDM one
obtains:

dIn(<%) 0
:‘%:yzﬂwJQchg+Qm (D3)
M ag a
G040

SEE S S MOAF
04— 0 (age
QA + Qm(ao)€73x '

(D4)

Forz=10,&= —1and for z— 0, & = QO (a) — Q,,(a).
To be able to solve (D2) analytically we must assume &
is a constant. This is a good approximation if we are
interested in only a small range of redshifts. Under this
assumption, the solution of (D2) can be obtained by
integration:

—(E+1 -+ E+1+PHA + )"
11—+« ’

1= V(g + 1)2 - 6Qm

facom(z) =
(D5)

Af(z)

X exp[— [lcf (5_? + ZfACDM)jII:E’(CEm

k2 E
+ ﬁ(cfm +E|)+E,+E;H + ﬁ“]}

_ g-[ dZ EO
T+ (1 +3(C — wy) e"p[fl n z(.’]—[
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For —/6Q),, — 1 <& <4/6Q,, — 1, a; is imaginary and

according to this approximation solution f(z) has an oscil-
lating component. A simple attempt to make (D5) more
precise is to take into account that £ depends on the redshift.

To obtain an approximate solution for interacting
dark energy models parametrized by coefficients E; = 0,
i=0,...,41in (92), under the assumption that these cor-
rections are small, we can linearize this equation around
f ycpm- Note that in general it is expected that in interacting
dark energy models w,, and C2,, are not zero. Therefore,
we add also their contribution to the linearized model:

Af' + [EJF Eo+H(1+3(C2,—w,,)+ 2fACDM)]Af

H
+3(C§m—wm)%+33{<c§m—wm+%wm(2+wm)>
+(Csm+E)}[+E2+E35-[+5_[ 0. (D7)

The solution of this linearized equation is straightforward
and can be formally written as follows:

(1+ (1 + 3(Cn — W)
‘ 2fACDM)]{1 e
) 23U~ ) + B, @4 )

(D8)

The determination of the integrals in (D8) requires the details of the redshift dependence of the coefficients E;’s which are
model dependent. Nonetheless, they depend on the scalar field which must vary very slowly with the redshift. Therefore, at
zero order, they can be considered as constant. Although even with this simplification it is difficult to determine (DS8)
analytically, a numerical determination allows to write it as an expansion with respect to the E; coefficient. This expansion
would be suitable for the compression with data and the determination of E;.

[1] P.J.E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559
(2003).

[2] T. Padmanabhan, Phys. Rep. 380, 235 (2003).

[3] E.J. Copland, M. Sami, and S. Tsujikama, Int. J. Mod.
Phys. D 15, 1753 (2006).

[4] A. Silvestri and M. Trodden, Rep. Prog. Phys. 72, 096901
(2009).

[5] B. Ratra and P.J.E. Peebles, Phys. Rev. D 37, 3406
(1988).

[6] C. Wetterich, Nucl. Phys. B302, 668 (1988).

[7] L Zlatev, L. Wang, and P. J. Steinhardt, Phys. Rev. Lett. 82,
896 (1999).

[8] P.J. Steinhardt, L. Wang, and I. Zlatev, Phys. Rev. D 59,
123504 (1999).
[9] C. Armendariz-Picon, T. Damour, and V. Mukhanov, Phys.
Lett. B 458, 209 (1999).
[10] J. Garriga and V.F. Mukhanov, Phys. Lett. B 458, 219
(1999).
[11] T. Chiba, T. Okabe, and M. Yamaguchi, Phys. Rev. D 62,
023511 (2000).
[12] C. Armendariz-Picon, V. Mukhanov, and P.J. Steinhardt,
Phys. Rev. Lett. 85, 4438 (2000).
[13] C. Armendariz-Picon, V. Mukhanov, and P.J. Steinhardt,
Phys. Rev. D 63, 103510 (2001).

043503-22


http://dx.doi.org/10.1103/RevModPhys.75.559
http://dx.doi.org/10.1103/RevModPhys.75.559
http://dx.doi.org/10.1016/S0370-1573(03)00120-0
http://dx.doi.org/10.1142/S021827180600942X
http://dx.doi.org/10.1142/S021827180600942X
http://dx.doi.org/10.1088/0034-4885/72/9/096901
http://dx.doi.org/10.1088/0034-4885/72/9/096901
http://dx.doi.org/10.1103/PhysRevD.37.3406
http://dx.doi.org/10.1103/PhysRevD.37.3406
http://dx.doi.org/10.1016/0550-3213(88)90193-9
http://dx.doi.org/10.1103/PhysRevLett.82.896
http://dx.doi.org/10.1103/PhysRevLett.82.896
http://dx.doi.org/10.1103/PhysRevD.59.123504
http://dx.doi.org/10.1103/PhysRevD.59.123504
http://dx.doi.org/10.1016/S0370-2693(99)00603-6
http://dx.doi.org/10.1016/S0370-2693(99)00603-6
http://dx.doi.org/10.1016/S0370-2693(99)00602-4
http://dx.doi.org/10.1016/S0370-2693(99)00602-4
http://dx.doi.org/10.1103/PhysRevD.62.023511
http://dx.doi.org/10.1103/PhysRevD.62.023511
http://dx.doi.org/10.1103/PhysRevLett.85.4438
http://dx.doi.org/10.1103/PhysRevD.63.103510

DISCRIMINATION BETWEEN ACDM ...

[14]
[15]
[16]
(17]
(18]
[19]
(20]
(21]

(22]

P. Gu, X. Wang, and X. Zhang, Astrophys. J. 598, 86
(2003).

R. Fardon, A.E. Nelson, and N. Weiner, J. Cosmol.
Astropart. Phys. 10 (2004) 005.

P. Teyssandier and Ph. Tourrenc, J. Math. Phys. (N.Y.) 24,
2793 (1983).

T.P. Sotiriou, Classical Quantum Gravity 23, 5117
(2000).

Y. Fujii and K. Maeda, The Scalar-Tensor Theory of
Gravitation (Cambridge University Press, Cambridge,
England, 2003).

H. A. Buchdahl, Mon. Not. R. Astron. Soc. 150, 1 (1970).
A. A. Starobinsky, Phys. Lett. B 91, 99 (1980).

R. Bean, D. Bernat, L. Pogosian, A. Silvestri, and
M. Trodden, Phys. Rev. D 75, 064020 (2007).

J. Khoury and A. Weltman, Phys. Rev. Lett. 93, 171104
(2004).

J. Khoury and A. Weltman, Phys. Rev. D 69, 044026
(2004).

A.E. Nelson and J. Walsh, Phys. Rev. D 77, 095006
(2008).

G.R. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B
485, 208 (2000).

A. Einstein, SPWA 142 (1917).

J.P. Luminet, Essais de Cosmologie, précédé de
L’Invention du Big Bang: Sources du Savoir Collection
(Le Seuil, Paris, France, 1997).

E. Komatsu et al., Astrophys. J. Suppl. Ser. 192, 18
(2011).

W.J. Percival et al., Mon. Not. R. Astron. Soc. 401, 2148
(2010).

R. Amanullah et al., Astrophys. J. 716, 712 (2010).

S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).

R.D. Peccei and H.R. Quinn, Phys. Rev. D 16, 1791
(1977).

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin. (Math.
Phys.) 966 (1921).

0. Klein, Zeitschrift fr Physik A 37, 895 (1926).

B. Pioline and A. Waldron, Phys. Rev. Lett. 90, 031302
(2003).

J. Sonner and P.K. Townsend, Phys. Rev. D 74, 103508
(2000).

C. Wetterich, Phys. Rev. D 77, 103505 (2008).

L. Amendola, Phys. Rev. D 62, 043511 (2000).

H. Ziaeepour, Phys. Rev. D 69, 063512 (2004).

T. Clemson, K. Koyama, G.B. Zhao, R. Maartens, and
J. Viliviita, arXiv:1109.6234.

J. Valiviita, E. Majerotto, and R. Maartens, J. Cosmol.
Astropart. Phys. 07 (2008) 020.

H. Ziaeepour, Phys. Rev. D 81, 103526 (2010).

P. Serra, arXiv:1005.2415.

C. Blake et al., Mon. Not. R. Astron. Soc. 415, 2876
(2011).

C. Blake et al., Mon. Not. R. Astron. Soc. 418, 1707
(2011).

C. Blake et al., Mon. Not. R. Astron. Soc. 418, 1725
(2011).

L. Amendola, M. Kunz, and D. Sapone, J. Cosmol.
Astropart. Phys. 04 (2008) 013.

043503-23

PHYSICAL REVIEW D 86, 043503 (2012)

E. Bertschinger and P. Zukin, Phys. Rev. D 78, 024015
(2008).

Y. S. Song and K. Koyama, J. Cosmol. Astropart. Phys. 01
(2009) 048.

M. Quartin and L. Amendola, Phys. Rev. D 81, 043522
(2010).

S. Nesseris, C. Blake, T. Davis, and D. Parkinson,
J. Cosmol. Astropart. Phys. 07, (2011)037.

P.P. Avelino and H. M. R. da Silva, arXiv:1201.0550.

H. Ziaeepour, Mon. Not. R. Astron. Soc. 22, 1569 (2007).
Euclid Consortium, http://www.euclid-ec.org, 2011.

L. Pogosian and A. Silvestri, Phys. Rev. D 77, 023503
(2008).

D. Sapone, M. Kunz, and L. Amendola, Phys. Rev. D 82,
103535 (2010).

T. Clemson, K. Koyama, G.B. Zhao, R. Maartens, and
J. Vliviita, Phys. Rev. D 85, 043007 (2012).

L. Amendola, V. Pettorino, C. Quercellini, and A. Vollmer,
Phys. Rev. D 85, 103008 (2012).

H. Ziaeepour, Astropart. Phys. 16, 101 (2001).

S. Das, P.S. Corasaniti, and J. Khoury, Phys. Rev. D 73,
083509 (2006).

H. Ziaeepour, arXiv:astro-ph/0002400.

H. Ziaeepour, in Progress in Dark Matter Research, edited
by J. Val Blain (Nova Science Inc., New York, 2005),
p- 125.

L.P. Chimento, A. S. Jakubi, D. Pavon, and W. Zimdahl,
Phys. Rev. D 67, 083513 (2003).

E.J. Copeland, S.J. Lee, J.E. Lidsey, and S. Mizuno,
Phys. Rev. D 71, 023526 (2005).

M. Doran, M. Lilley, J. Schwindt, and C. Wetterich,
Astrophys. J. 559, 501 (2001).

R. Caldwell, R. Doran, C. Miiller, G. Schifer, and
C. Wetterich, Astrophys. J. 591, L75 (2003).

C. Wetterich, Phys. Lett. B 594, 17 (2004).

M. Maggiore, L. Hollenstein, M. Jaccard, and E. Mitsou,
Phys. Lett. B 704, 102 (2011).

E. Calabrese, E. Menegoni, C.J.A.P. Martins, A.
Melchiorri, and G. Rocha , Phys. Rev. D 84, 023518 (2011).
A. de Felice and S. Tsujikawa, Phys. Lett. B 675, 1 (2009).
M. Shoji, D. Jeong, and E. Komatsu, Astrophys. J. 693,
1404 (2009).

G.J. Hill et al., Astron. Soc. Pac. Conf. Ser. 399, 115
(2008).

HETDEX, http://hetdex.org/other_projects/des.php.

D. Schlegel et al., arXiv:1106.1706.

LSST Science Collaborations, arXiv:0912.0201.

J.R. Ray, J. Math. Phys. (N.Y.) 13, 1451 (1972).

T. Prokopec, M. G. Schimdt, and S. Weinstock, Ann. Phys.
(N.Y.) 314, 208 (2004).

T. Prokopec, M. G. Schimdt, and S. Weinstock, Ann. Phys.
(N.Y.) 314, 267 (2004).

S. Weinstock, Phys. Rev. D 73, 025005 (2006).

A. De Simone and A. Riotto, J. Cosmol. Astropart. Phys.
08 (2007) 002.

A. Hohenegger, A. Kartavtsev, and M. Lindner, Phys. Rev.
D 78, 085027 (2008).

Ehlers J, in General Relativity and Cosmology, edited by
B. K. Sachs (Academic Press, New York, 1971).

L.P. Chimento, A.S. Jakubi, D. Pavon, and W. Zimdahl,
Phys. Rev. D 67, 083513 (2003).


http://dx.doi.org/10.1086/377731
http://dx.doi.org/10.1086/377731
http://dx.doi.org/10.1088/1475-7516/2004/10/005
http://dx.doi.org/10.1088/1475-7516/2004/10/005
http://dx.doi.org/10.1063/1.525659
http://dx.doi.org/10.1063/1.525659
http://dx.doi.org/10.1088/0264-9381/23/17/003
http://dx.doi.org/10.1088/0264-9381/23/17/003
http://dx.doi.org/10.1016/0370-2693(80)90670-X
http://dx.doi.org/10.1103/PhysRevD.75.064020
http://dx.doi.org/10.1103/PhysRevLett.93.171104
http://dx.doi.org/10.1103/PhysRevLett.93.171104
http://dx.doi.org/10.1103/PhysRevD.69.044026
http://dx.doi.org/10.1103/PhysRevD.69.044026
http://dx.doi.org/10.1103/PhysRevD.77.095006
http://dx.doi.org/10.1103/PhysRevD.77.095006
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1111/j.1365-2966.2009.15812.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15812.x
http://dx.doi.org/10.1088/0004-637X/716/1/712
http://dx.doi.org/10.1103/RevModPhys.61.1
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevD.16.1791
http://dx.doi.org/10.1103/PhysRevD.16.1791
http://dx.doi.org/10.1007/BF01397481
http://dx.doi.org/10.1103/PhysRevLett.90.031302
http://dx.doi.org/10.1103/PhysRevLett.90.031302
http://dx.doi.org/10.1103/PhysRevD.74.103508
http://dx.doi.org/10.1103/PhysRevD.74.103508
http://dx.doi.org/10.1103/PhysRevD.77.103505
http://dx.doi.org/10.1103/PhysRevD.62.043511
http://dx.doi.org/10.1103/PhysRevD.69.063512
http://arXiv.org/abs/1109.6234
http://dx.doi.org/10.1088/1475-7516/2008/07/020
http://dx.doi.org/10.1088/1475-7516/2008/07/020
http://dx.doi.org/10.1103/PhysRevD.81.103526
http://arXiv.org/abs/1005.2415
http://dx.doi.org/10.1111/j.1365-2966.2011.18903.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18903.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19592.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19592.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19606.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19606.x
http://dx.doi.org/10.1088/1475-7516/2008/04/013
http://dx.doi.org/10.1088/1475-7516/2008/04/013
http://dx.doi.org/10.1103/PhysRevD.78.024015
http://dx.doi.org/10.1103/PhysRevD.78.024015
http://dx.doi.org/10.1088/1475-7516/2009/01/048
http://dx.doi.org/10.1088/1475-7516/2009/01/048
http://dx.doi.org/10.1103/PhysRevD.81.043522
http://dx.doi.org/10.1103/PhysRevD.81.043522
http://dx.doi.org/10.1088/1475-7516/2011/07/037
http://arXiv.org/abs/1201.0550
http://www.euclid-ec.org
http://dx.doi.org/10.1103/PhysRevD.77.023503
http://dx.doi.org/10.1103/PhysRevD.77.023503
http://dx.doi.org/10.1103/PhysRevD.82.103535
http://dx.doi.org/10.1103/PhysRevD.82.103535
http://dx.doi.org/10.1103/PhysRevD.85.043007
http://dx.doi.org/10.1103/PhysRevD.85.103008
http://dx.doi.org/10.1016/S0927-6505(00)00167-5
http://dx.doi.org/10.1103/PhysRevD.73.083509
http://dx.doi.org/10.1103/PhysRevD.73.083509
http://arXiv.org/abs/astro-ph/0002400
http://dx.doi.org/10.1103/PhysRevD.67.083513
http://dx.doi.org/10.1103/PhysRevD.71.023526
http://dx.doi.org/10.1086/322253
http://dx.doi.org/10.1086/376975
http://dx.doi.org/10.1016/j.physletb.2004.05.008
http://dx.doi.org/10.1016/j.physletb.2011.09.010
http://dx.doi.org/10.1103/PhysRevD.84.023518
http://dx.doi.org/10.1016/j.physletb.2009.03.060
http://dx.doi.org/10.1088/0004-637X/693/2/1404
http://dx.doi.org/10.1088/0004-637X/693/2/1404
http://hetdex.org/other_projects/des.php
http://arXiv.org/abs/1106.1706
http://arXiv.org/abs/0912.0201
http://dx.doi.org/10.1063/1.1665861
http://dx.doi.org/10.1016/j.aop.2004.06.002
http://dx.doi.org/10.1016/j.aop.2004.06.002
http://dx.doi.org/10.1016/j.aop.2004.06.001
http://dx.doi.org/10.1016/j.aop.2004.06.001
http://dx.doi.org/10.1103/PhysRevD.73.025005
http://dx.doi.org/10.1088/1475-7516/2007/08/002
http://dx.doi.org/10.1088/1475-7516/2007/08/002
http://dx.doi.org/10.1103/PhysRevD.78.085027
http://dx.doi.org/10.1103/PhysRevD.78.085027
http://dx.doi.org/10.1103/PhysRevD.67.083513

HOURI ZIAEEPOUR

[85]
(86]
(87]
[88]
(89]
[90]
[91]
(92]
[93]
[94]
[95]
(96]
[97]
(98]

[99]

L.P. Chimento, A.S. Jakubi, and D. Pavon, Phys. Rev. D
67, 087302 (2003).

A.G. Kim, E. V. Linder, R. Miquel, and N. Mostek, Mon.
Not. R. Astron. Soc. 347, 909 (2004).

D. K. Nadyozhin and V. S. Imshennik, Int. J. Mod. Phys. A
20, 6597 (2005).

G. Olivares, F. Atrio-Barandela, and D. Pavon, Phys. Rev.
D 74, 043521 (2006).

C.P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995).
R. Laureijs et al., arXiv:1110.3193.

M. S. Vogeley and A. Szalay, Astrophys. J. 465, 34 (1996).
M. Tegmark, Phys. Rev. Lett. 79, 3806 (1997).

H.J. Seo and D.J. Eisenstein, Astrophys. J. 598, 720 (2003).
H.J. Seo and D.J. Eisenstein, Astrophys. J. 633, 575
(2005).

H.J. Seo and D.J. Eisenstein, Astrophys. J. 665, 14
(2007).

N. Kaiser, Mon. Not. R. Astron. Soc. 227, 1 (1987).

B. Jain and E. Bertschinger, Astrophys. J. 431, 495 (1994).
M. Crocce and R. Scoccimarro, Phys. Rev. D 73, 063519
(2000).

M. Crocce and R. Scoccimarro, Phys. Rev. D 77, 023533
(2008).

[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]

[114]

043503-24

PHYSICAL REVIEW D 86, 043503 (2012)

W.E. Ballinger, J. A. Peacock, and A.F. Heavens, Mon.
Not. R. Astron. Soc. 282, 877 (1996).

Brax and Bernardau, J. Cosmol. Astropart. Phys. 06
(2011) 019.

J. Erlich, B. Glover, and N. Weiner, J. Cosmol. Astropart.
Phys. 03 (2008) 006.

F. Schmidt, A. Vikhlinin, and W. Hu, Phys. Rev. D 80,
083505 (2009).

A. Lewis and A. Challinor, Phys. Rep. 429, 1 (2006).

E. V. Linder, Phys. Rev. D 72, 043529 (2005).

C. Skordis Phys. Rev. D 79, 123527 (2009).

T. Baker, P.G. Ferreira, C. Skordis, and J. Zuntz, Phys.
Rev. D 84, 124018 (2011).

R. Battye and J. Pearson, arXiv:1203.0398.

W. Hu and N. Sugiyama, Astrophys. J. 471, 542 (1996).
F. Y. Edgeworth, J. R. Stat. Soc. 71, 499 (1908).

M. Tegmark, Phys. Rev. D 55, 5895 (1997).

A. Sanchez, M. Crocce, A. Cabré, C. M. Baugh, and E.
Gaztafaga, Mon. Not. R. Astron. Soc. 400, 1643 (2009).
C. Blake et al., Mon. Not. R. Astron. Soc. 415, 2892
(2011).

F. Simpson and J. A. Peacock, Phys. Rev. D 81, 043512
(2010).


http://dx.doi.org/10.1103/PhysRevD.67.087302
http://dx.doi.org/10.1103/PhysRevD.67.087302
http://dx.doi.org/10.1111/j.1365-2966.2004.07260.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07260.x
http://dx.doi.org/10.1142/S0217751X05029630
http://dx.doi.org/10.1142/S0217751X05029630
http://dx.doi.org/10.1103/PhysRevD.74.043521
http://dx.doi.org/10.1103/PhysRevD.74.043521
http://dx.doi.org/10.1086/176550
http://arXiv.org/abs/1110.3193
http://dx.doi.org/10.1086/177399
http://dx.doi.org/10.1103/PhysRevLett.79.3806
http://dx.doi.org/10.1086/379122
http://dx.doi.org/10.1086/491599
http://dx.doi.org/10.1086/491599
http://dx.doi.org/10.1086/519549
http://dx.doi.org/10.1086/519549
http://dx.doi.org/10.1086/174502
http://dx.doi.org/10.1103/PhysRevD.73.063519
http://dx.doi.org/10.1103/PhysRevD.73.063519
http://dx.doi.org/10.1103/PhysRevD.77.023533
http://dx.doi.org/10.1103/PhysRevD.77.023533
http://dx.doi.org/10.1088/1475-7516/2008/03/006
http://dx.doi.org/10.1088/1475-7516/2008/03/006
http://dx.doi.org/10.1103/PhysRevD.80.083505
http://dx.doi.org/10.1103/PhysRevD.80.083505
http://dx.doi.org/10.1016/j.physrep.2006.03.002
http://dx.doi.org/10.1103/PhysRevD.72.043529
http://dx.doi.org/10.1103/PhysRevD.79.123527
http://dx.doi.org/10.1103/PhysRevD.84.124018
http://dx.doi.org/10.1103/PhysRevD.84.124018
http://arXiv.org/abs/1203.0398
http://dx.doi.org/10.1086/177989
http://dx.doi.org/10.2307/2339293
http://dx.doi.org/10.1103/PhysRevD.55.5895
http://dx.doi.org/10.1111/j.1365-2966.2009.15572.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19077.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19077.x
http://dx.doi.org/10.1103/PhysRevD.81.043512
http://dx.doi.org/10.1103/PhysRevD.81.043512

