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Scalar tensor theories can be expressed in different frames, such as the commonly used Einstein and
Jordan frames, and it is generally accepted that cosmological observables are the same in these frames.
We revisit this by making a detailed side-by-side comparison of the quantities and equations in two
conformally related frames, from the actions and fully covariant field equations to the linearized equations
in both real and Fourier spaces. This confirms that the field and conservation equations are equivalent in
the two frames, in the sense that we can always re-express equations in one frame using relevant
transformations of variables to derive the corresponding equations in the other. We show, with both
analytical derivation and a numerical example, that the line-of-sight integration to calculate CMB
temperature anisotropies can be done using either Einstein frame or Jordan frame quantities, and the results
are identical, provided the correct redshift is used in the Einstein frame (1 4 z # 1/a).
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I. INTRODUCTION

The accelerated expansion of the Universe [1,2]
observed about two decades ago is one of the most
challenging questions for cosmologists and physicists
today. Such an accelerated expansion cannot be explained
so far in the standard framework which is built upon the
standard model of particle physics and Einstein theory of
General Relativity (GR), and therefore hints that new
physics beyond our current knowledge might be its driving
force. This makes it a very interesting and potentially very
important question, and has motivated various ongoing and
planned astronomical surveys, such as e BOSS [3], DES [4],
HSC [5], DESI [6], LSST [7], EucLID [8], 4 MOST [9], WFIRST
[10] and sKkA [11], which are designed to measure various
properties of the cosmic acceleration which can in turn be
used to shed light on its origin and underlying physics.

From a phenomenological point of view, the simplest
possibility to explain the observations is the A cold dark
matter (ACDM) model, where a small positive cosmologi-
cal constant A is assumed to be accelerating the rate of the
Hubble expansion. Although this model is compatible with
many observations, it has suffered from theoretical diffi-
culties, such as the fine-tuning and coincidence problems.
In order to avoid these problems, various theories of
dark energy [12] and modified gravity [13,14] have been
studied, many of which can be classified as subclasses of
the so-called scalar tensor theories [15]. While GR is a
tensor theory, in which the mediators of the gravitational
interaction (gravitons) are excitations of the metric of the
spacetime, in a scalar-tensor theory, a second mediator of
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gravity is considered—a scalar field ¢, which couples to the
matter or gravitational fields (or both in certain models).
The theory can then be studied in different “frames” by
suitable field redefinitions. The commonly used frames
include the Einstein frame, where the matter fields—rather
than the gravitational field g,,—are coupled to ¢ and the
gravity sector takes its standard form as in GR, and the
Jordan frame, where the matter fields are uncoupled to ¢
but the gravitational equations are modified due to the
coupling to ¢. The field equations generally look different
in the two frames, and usually for certain applications in
practice it is advantageous to use one over the other.
Such a freedom of choosing to work in different frames
used to be a source for debates in the community, about
whether the Einstein and Jordan frames are physically
equivalent to each other. The current prevailing opinion is
that physics is the same in these frames, but quantities
calculated in them need to be interpreted carefully to
compare with each other (see, e.g., [[6-21] and references
therein; for opposite views see, e.g., [22,23]). For example,
in [24] it is suggested that calculations can be done in the
Einstein frame where the scalar field is a canonical field
with minimal coupling to gravity (therefore simplifying the
equations) but the interpretation of physical observables
should be done in the Jordan frame, which is the “physical
frame.” In Ref. [17], it is proposed that calculations can be
done using frame-independent quantities such that the issue
of how to interpret them can be circumvented naturally;
[21] similarly demonstrates the equivalence of physics
in the two frames by rewriting the action in terms of
dimensionless variables which are frame independent; [20]
finds the correspondences between variables in the two
frames and show that cosmological observables, such as
redshift, luminosity distance and temperature anisotropies,
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are frame independent. Although these are useful works, it
would also be helpful to have a detailed comparison of the
linear perturbation variables (not necessarily observables)
and equations in the two frames, which will provide further
insight about what in a perturbed spacetime are (not)
affected by a conformal transformation.

In this paper, we would like to have a closer look at the field
equations in the two frames up to first order in linear
perturbations. This differs from previous works in that we
will write the equations—the fully covariant Einstein and
Klein Gordon equations, and their linearized versions in both
real space and Fouier space—side by side and demonstrate
their equivalence. Using these equations, we will show that
physical observables which are gauge invariant, such as the
cosmic microwave background (CMB) temperature anisot-
ropies, weak gravitational lensing and the integrated Sachs-
Wolfe effect, are the same no matter quantities in which frame
are used to calculate them. The derivations will then be
supplemented by a numerical example with which we show
that the CMB temperature spectra calculated in the two
frames are identical provided that care is taken in the Einstein
frame so that integrations stop at the correct time (which is
not necessarily when the scale factor a = 1).

This paper is organized as follows. In Sec. II, we describe
general relations between operators and mathematical
quantities built from two conformally related metrics. In
Sec. III, we present the physical model: a scalar-tensor
theory built from the metric tensor g,, and a scalar field ¢.
The Einstein equations, Klein-Gordon equations and
Friedmann equations are derived independently in the
two frames, and we check that any equation in one frame
can always be obtained directly from its equivalent in the
other frame. In Sec. IV, we present the relations of linear
perturbation variables in the two frames, and show that the
linearized Einstein and matter conservation equations in the
two frames are equivalent (in the sense that an equation in
one frame can be derived from the same equation in the
other frame using the above relations). These will be done
in both real space and Fourier space which is more
convenient to solve the set of coupled linear equations.
In Sec. V, we find expressions of some of the most well-
known cosmological observables and explicitly show that
they are identical in both frames using the relations between
linear perturbation variables in the frames; we explicitly
demonstrate this by showing the CMB spectra for a specific
scalar field model—the K-mouflage model [25,26], which
has a scalar field that is purely kinetic with a non-canonical
kinetic term. Finally, we discuss and conclude in Sec. VI.

Throughout this work, we shall use the unit ¢ = 1, where
c is the speed of light, unless where c¢ is explicitly written.
We adopt the metric sign convention (—, 4, +, +).

II. THE MATHEMATICAL SETUP

In this section, we will set up the mathematical frame-
work of this paper, by introducing notations and
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conventions to be used later, as well as some useful
relationships between quantities in frames that are con-
formally related.

Later in the paper we will use untildered and tildered
quantities for the Einstein and Jordan frames, respectively.
For this section, however, we prefer to keep things more
general and so refrain from making connections of the
untildered (tildered) frame to the Einstein (Jordan) frame.

A. The 3 +1 spacetime decomposition

In this paper, we will focus on the analysis and
predictions of observable quantities in the linear perturba-
tion regime. The linear perturbation equations will be
derived using the 3+ 1 decomposition [see, e.g.,
[27,28]], which splits the four-dimensional spacetime into
a time direction and three-dimensional spatial slices (hyper-
surfaces) with constant times. The split is done with respect
the 4-velocity u* of an observer. Note that as per the
standard convention Greek indices run over 0,1,2,3.
Although later in the paper we will use tildered and
untildered quantities for the different frames, the expres-
sions in this subsection are mostly definitions and general
for any frame, so we make all quantities un-tildered.

A projection tensor /1, can be defined as

h/w Egﬂb+uﬂub’ (1)

which is the metric tensor of the 3D hyperspace orthogonal
to u#. The covariant spatial derivative V¥ ofa general tensor
field B,‘f;;;:} can then be expressed using &, as

V¥By % = Wy 3. .hsVBLT (2)
in which V denotes the full covariant derivative compatible

with g,,. Similarly, the covariant time derivative can be
expressed as

By = utV B (3)

The stress-energy tensor of matter and the scalar field
can be decomposed as

Tﬂv = pu,u, + phllV + 26](/,14”) + Hﬂ”’ <4)

which gives dynamical quantities including the energy
density p, isotropic pressure p, energy flux g, and the
anisotropic stress IL,,. The latter two are purely spatial
quantities satisfying u*g, = u"Il,, = 0, and therefore van-
ish in an exact Friedman-Robertson-Walker (FRW) uni-
verse; in a perturbed FRW spacetime they are linear-order
quantities.

Similarly, the covariant derivative of the 4-velocity can
be split as
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(5)

. 1
V,u, = —u,it, + gﬁhm +o0, +w@,,
which gives the kinematic quantities including the
expansion scalar 6= V,u“ the shear tensor o,,=
N . o e

Vu, —36h,, the vorticity w,, =Vyu, and the
4-acceleration of the observer w, =i, Only 0 is
nonzero in an exact FRW spacetime, and the other
three are purely spatial tensors, which are first order
quantities for w, and o, and second order quantity
for w,, in a perturbed FRW spacetime, satisfying

w'w, = wo,, = uwwm, =0.
Note that the metric signature used here is (—, +, +, +),
so that u”u, = —1. The Riemann tensor is defined in terms

of the Christoffel symbols as

RV, = 0,T"

vpo pr vo (6)
and the Ricci tensor and Ricci scalar are given by R, =
R%,, and R=¢"R,, = RV,.

As mentioned in the introduction, we hope that this work
will be a useful reference in which linear perturbation
equations in both frames are compared side by side and can
be found for future work. In the literature, linear perturba-
tion analyses are often done using the synchronous
or Newtonian gauges [29]. The equations in the 3 + 1
formalism presented here can be re-expressed in general
gauges by gauge fixing. For example, the synchronous
(Newtonian) gauge corresponds to settingw = 0 (¢ = 0) in
our equations [see, e.g., [30]] for an explicit mapping to
those gauges], where w, o are, respectively, the Fourier-
space expressions of the scalar modes' of w, and o,

(see below).

- aO'F ”y/) + Fﬂ/)al—wvo' - l"u(ml"a

vp»

B. Mathematical quantities in
conformal transformation

Although the ultimate goal of this paper is to consider the
equivalence of physically observable quantities in the
Einstein and Jordan frames, it is useful to know how
general mathematical quantities are connected in generally
conformally-related frames. These relations will also be
useful when we compare the equations in the two frames.

The metric tensors in two frames which later will be
called the Einstein frame (g,,) and the Jordan frame (g,,)
are related by a conformal transformation”

.a;w = A(¢)gyv’ (7)

'In this work, we shall only consider scalar modes of linear
perturbations.

Although we will identify these metrics to be the Einstein-
and Jordan-frame ones, respectively, later in this section, we shall
avoid doing this to keep things general. Instead, if needed, we
shall call them untildered and tildered frames.
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where A is a function of a scalar field ¢. If we denote by ¢
and g the determinants of the metrics g,, and g,,
respectively, we then have the useful relation:

V=g =A%/ (8)

Since the two frames are related by a conformal trans-
formation, if we use conformal time (denoted by #) and
comoving spatial coordinates (x), then the coordinates will
be the same in the two frames. For example, in the case of
exactly FRW spacetimes, the line elements in the two
frames can be written as

ds? = a®(=diy? + dx?),

ds? = a*(—dip? + dx?). 9)
Therefore, it is convenient to define the covariant deriva-
tives using the conformal and comoving coordinates. In this
case, for a general scalar field y, the covariant derivatives
with lower index (which are equal to the partial derivatives)
are the same in the two frames

V= V. (10)

In the meantime, extra care needs to be taken for the
covariant derivatives with upper index, as the index is not
raised by the same metric in the two frames. We have

Viy = ¢**V,p and V' = 3*V y, which satisfy

V”y/:%V"l//, (11)
where we have used g" = % g, which is the inverse
relation of Eq. (7).

The covariant time derivatives in the two frames_are,
respectively, defined by y = u*V,p and I/O/E u*vV .
In order to find the link between these two quantities,
we have used the relation between the 4-velocities in the

two frames:
dx#  dx# dx# 1
= —— = = — I,{”’

di ~ d§  VAds VA

where the third equality is because d5 = v/Ads. Similarly,

ut

(12)

- - . 1
iy, = g’ = Ag}wﬁu” = \/Zuﬂ, (13)

and therefore

o 1

Y=—=y.
VA
Although Eq. (14) is useful in connecting the physical
time derivatives in the two frames, it is more convenient to
use the conformal time derivative ' = d/ds because it is the
same in both frames:

(14)
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y' =ay = ay, (15)

where a and a are the scale factors in the two frames
introduced in Eq. (9) and they satisfy @ = aV/A.

Using the 3 + 1 spacetime decomposition introduced in
the previous subsection, the covariant derivatives of y can
be split as

6”1;/ = -,y +V,p, (16)

in the two frames, respectively, from which we obtain the
following relations between the spatial derivatives:

S S

~ 1 4
V=V V=V (17)

Finally, starting from the expression of the Christoffel
symbols:

1
F//Ev = Egia(aygav + 81/9/405 - aag/w)’
in the untildered frame, and
U _ _
Fm/ = _g/1 (8/,{9(10 + al/gﬂ(l - aag/w)’

2

in the tildered frame, and using Eq. (7), one can compute
the link between these two quantities

r, =T}, +ﬁ(5ﬂv A+8V,A-g,V'A). (18
This expression is useful to compute the relations between
quantities involving covariant derivatives applied to general
tensors. An example of its application is the computation
of the link between the d’Alembertian operators in the
untildered and tildered frames, respectively, defined by

D—_ Cacaal’ldD—;a;(
A l// AZ ll/ a

C. Lagrangian densities and the scalar field

In order to derive and compare the relevant equations in
the two frames, we also need to know how the Lagrangian
densities and a general scalar field transform in the
conformal transformation.

The action built from a Lagrangian density £, expressed
in terms of the untildered metric, reads

Slgu] = / d*x /gL, (20)
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Using the transformation law for /=g given by Eq. (8), it
can be expressed in terms of the tildered metric as

S[9,] —/d“x\/ I (21)

where note that the coordinates are the same in these
expressions because they are comoving coordinates.

One can then define the Lagrangian density in the
tildered frame, £, as

which can be used to determine the transformation law of
the scalar field between the two frames. To do this, let us
have a simple example of the Lagrangian density of a scalar
filed, which takes the canonic form in the tildered frame,

1 e e -
Since the transformed scalar field, q;ﬁ, is related to the scalar
field ¢ in the untildered frame, we can write Vﬂc;ﬁ =
(6&5/64&)@/@. Then, using 3 = +¢* and 6”45 =V,

Eq. (23) can be rewritten as

~ P\ 147
E(}S <a¢> a¢vﬂ¢- (24)

Hence, for the scalar field Lagrangian density in the
untildered frame, £, = —1¢*V,pV;¢, the relation in

Eq. (22) implies that the scalar fields ¢ and ¢ should satisfy

o)1) 1
— = 25
This in turn means that
oL
R (26)
aV,p) A0(V.9)
from which and Eq. (18) we find
. [ 0L 1 oL 1 dlnA 0L
! [a(vﬂ(p) AP MO(V,e)] 248 dp O(V,e) a
(27)

This relation can be used to transform the Klein-Gordon
equation between the untildered and the tildered frames.
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III. SCALAR-TENSOR THEORIES

We shall consider the classical scalar-tensor theory
where gravity is mediated by a scalar field in addition to
the metric tensor. Let M be a four-dimensional manifold
representing the spacetime, then M equipped with a metric
9u» in Which the Ricci scalar is not coupled to any scalar
field, is denoted by (M, g,,) and we call this the Einstein
frame. In this frame, the Einstein equations take their
standard form as in GR, but matter is non-minimally
coupled to the scalar field and hence free particles do
not follow geodesics of the metric g,,, but feel an additional
fifth force.

The total action in the Einstein frame reads

Slgul = | d4xr{ MR + £, <V¢>2}}
TS A). 9. (28)

where Mp; is the reduced Planck mass defined by
Myt =8zG, G is Newton’s constant, L, is the
Lagrangian density of the scalar field ¢, R = g, R is
the Ricci scalar, R, the Ricci tensor, and S,,[A(¢). g,,] is
the matter action given by

SulA(@).90) = Y [ @y=ILa . A@). 00,
(29)

where A(¢) is an algebraic function of the scalar field ¢,
l//s,l,) denotes the ith species of matter fields, and the
summation is over all matter species.

We can introduce another, tildered, metric g,, through
9w = A(¢)g,.» and the relation between the Ricci scalars of
these two metrics can be straightforwardly found by using
the transformations of the Christoffel symbols given in
Eq. (18):

. VA)?
R:AR+3DA—§(A) . (30)

Using this relation and the transformations of the metric
tensors, we can reexpress the Einstein-frame action
Eq. (28) in terms of the tildered metric g,, and a redefined

scalar field (;5:
3 VA
(9] —/d4x\/_{ M%,IZR+4M (A3)
Lyl () -+ Sulin) G1)

where we have dropped a boundary term which does not
contribute to the dynamics of the theory, and the matter
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action expressed in terms of the tildered metric g,, is
given by

Sulia) = 3 [ /G G (32

The manifold M endowed with the metric g,,, where the
metric now is non-minimally coupled to the scalar field, is
denoted by (M, g,,) and called the Jordan frame. In this
frame, matter is minimally coupled to the scalar field, and
free particles follow geodesics of the metric g,,, just as in
general relativity. On the other hand, the Einstein equations
are different from those in GR, highlighting the physical
result that gravity is now mediated not just by the massless
gravitons, but also by the scalar field.

From here on we shall use tildes for Jordan-frame
quantities while their Einstein-frame counterparts are
untildered.

A. Einstein’s equations in the two frames

Varying the action Eq. (28) with respect to the metric g,
gives the Einstein equations in the Einstein frame:

1 _ m ¢
Ru =590k = MR + ). (33)
where the stress energy tensors 7 ,(fy) i = m or ¢, are defined
(i) _ 2 8ly/=9£"]
by T,w = _\/_—_g 547

Similarly, varying the action Eq. (31) with respect to the
metric g, gives the Einstein equations in the Jordan frame:

1
2

CA

A
1V,AV,A 5_ (VA)>
T e e
(34)

ié g/wR MPl (AT/(AD) +AT/(4U)) + g/u/

V,V,A
A

where the stress energy tensors fffy), i=mor (}5 are defined
() — __2 dy/=oL"
by T = BV
Using the links between operators in the two frames
given in Sec. II, and the relations between the Ricci tensors
and scalars in both frames, which are given by

- v.V,A g¢g,04 3VAVA
R,=R, -+ - —
o Ty A 2 A T2oar (35)
and
-1 A 3 (VA)?
R = R—-3—+— 36
A( At ) (36)

one can check that Eq. (33) is equivalent to Eq. (34).
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From Eq. (34), we can define an effective stress-energy

tensor 'i‘,(j,’;’) for the scalar field in the Jordan frame,

. DA V V A
MP12T;(w) = MPlszw) + g;u/T - A
1V,AV,A 5_ (VA)>
_ e e , 37
T T (37)

in which we have defined the reduced Planck mass in the

Jordan frame as Mpl = A™'/2Myp,, and compute the corre-
sponding dynamical quantities using

p<~) Tmu”u
1

I;(cb) 3 ’(w)h/w
~H _ ( ) ~a ﬂﬂ
q<¢) = Taﬁ u*h

) = i) - p i, (38)
Note that the reduced Planck mass is related to Newton’s
constant and is a fundamental constant in the Einstein
frame. In the Jordan frame, however, it depends on the

scalar field. Up to linear order, Eqgs. (37) and (38) give

2 o o2
~  h(d ~ A ~A 3A
Mpip'? = My pl?) — - toa—io (39)
) 20A A 2-A4 5A
M32p@) = M2pd) 2 2 _Zp 4 = 4
PP pL P +3A 1 36A 442 (40)
~ ;4 2 %”f& é%ﬂA
2~ A VA OVA
Mpl q< ) MPI q( ) 2A2V + A 3 A 5 (41)
Sy 1Y) — —(V,V,)A - AG,,) (42)

At the background level, DA 0 and 0 = ‘a’ 3%,

and using A = éA’ , one can rewrite Eq. (39) as

Mytp?) = Mytp@ +3———— (43)

Using this equation, it can be easily checked that the
Friedmann equations in the Einstein and Jordan frames,

a\?

3<5> = Mgk (p'"™ + p'P), (44)
o 2

3(5) =+ 59, (45)
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are equivalent to each other,3 For this check, we also used
the transformation of the density field, p = A=2p, in the two
frames, which will be discussed below. This is a conse-
quence of the equivalence between the Einstein equations
themselves in the two frames, as we checked above; this
equivalence originates from the fact that the equations in
the two frames were derived from the same action and thus
should contain the same physics despite being expressed
differently.

B. The Klein-Gordon equations in the two frames

Varying the Einstein frame action Eq. (28) with respect
to the scalar field ¢ leads to the equation of motion for ¢
(the Klein-Gordon equation) in the Einstein frame,

1dInA
= — T(m),
op 2 d¢

vﬂ [a‘ctﬁ(gb» (v¢)2):| _ a‘ctl" (46)

9(V,.9)

where T() = W g’”’ is the trace of the total stress-energy
tensor of matter for the ith matter species, and ") means

that the equation only depends on 79 for all other matter
species than the scalar field.

Similarly, varying the Jordan frame action Eq. (31) with
respect to the scalar field ¢ gives the equation of motion for

(;5 in the Jordan frame:

3 (dA\2[0]
2o, (&) S, LR LIT)
27 P\g Y ¢)
_ L, ldAs 3, dAdA (V $)?
- 2 Pl A2 d¢ E d¢ d¢) A3
9 (V) 0L
T3 Mh (d¢> POV )

This equation can be simplified by using the trace of
Eq. (34) to replace R in Eq. (47) with the trace of the stress
energy tensor. Doing this leads to

1dInA G 4 76,

- [0L5(¢. (V)2 OL;
vﬂ[ )9-(V9) >] 0L 1dm
OV,u) op 2 d¢

(48)

As with the case of the Einstein equations, it can be verified

that the Klein-Gordon equations in the two frames, despite
having different forms, are mathematically equivalent to

3Throughout this paper, when we say that equations in the two
frames are equivalent, we mean that we can start from the
equation in one frame and derive the corresponding equation in
the other frame using transformation laws of variables in these
frames.
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each other. An explicit check for general scalar field
Lagrangians is presented in Appendix B.

IV. PERTURBATION EQUATIONS IN THE
TWO FRAMES

In Sec. II, we have given the relations between quantities
in two general conformally-related frames. In Sec. III we
briefly checked that the fully covariant Einstein and Klein-
Gordon equations are equivalent in the two frames, because
they are derived from a same action. In order to demon-
strate that physical observables are equivalent in the two
frames, we next need to have a thorough look at the
individual perturbation variables that are relevant to those
observables. The aim of this section is to find the trans-
formation laws of these perturbation variables and use them
to show that the perturbed field and conservation equations
in the two frames contain the same physics.

A. Quantities and equations in real space

We start with the various perturbation quantities and their
equations in real space, and move to k (or Fourier) space in
the next subsection.

1. Kinematic quantities

First look at the transformations of the kinematic
quantities that are related to the curvature of the space-
time—the expansion scalar 6, shear ¢,,, vorticity w,, and
4-acceleration w, = it,,.

We already found above that the 4-velocities in the
Einstein and Jordan frames are related by u* = ﬁu",
ﬁﬂ = \/Zuﬂ. The norm of the 4-velocity is the same in
the two frames—it*ii, = u*u, = —1 = —c*. Notice that
the conformal transformation does not change the speed
of light.

Using the definitions for the time derivatives yr = u*V

and l;/ = u*V y, where y now is a simplified notation of a
generic tensor, and the relation between the Christoffel
symbols Eq. (18), one finds the 4-acceleration in the Jordan
frame in terms of the one in the Einstein frame:

2 1 ﬂ_'_l@“A

= U =—U _——

" A T AT

- ° . 1V,A

W, =i, = u”+§%' (49)

This reflects the fact that the forces felt by particles in the
two frames are not the same: in the Einstein frame there is
an additional fifth force, which depends on the spatial
gradient of A.

Using Eqgs. (18) and (12), we can compute the relation
between the expansion scalars in the Einstein frame and
the Jordan frame, defined by 0 =V, u* and 6 =V, u?%,
respectively:
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| 3A
0=—0+—-——. 50
Al +2A% (50)

The second term comes from the fact that in the Jordan
frame the scale factor is given by & = v/Aa, and an overall
factor of A~ comes from the fact that the time derivative in

0 () is with respect to adn (adn): expressed in conformal
time, this becomes

a d A

—=—+—. 51

a a + 2A (51)
It is straightforward to find the link between the time
derivatives of the expansion scalars in both frames by using
Egs. (50) and (14):

3A

2A?

S 1. 1 A 9A%
= — _—— —_———— 2
0=%29-3 FERvyERS (52)

We can similarly find the relations between the spatial
gradients of the expansion scalar, Z, = V0 in the Einstein

frame and Zﬂ = @ﬂé in the Jordan frame. Using Eq. (50)
and (52), this is found to be

~ 1

1 V,A 3V,A 94
T 27 A

- V A.
2 A5 44"

(53)

Z, (Zﬂ) represents the spatial perturbation of local expan-
sion rate.

The relations between the shear and vorticity tensors in
the two frames can be similarly obtained as

6, = —704; O = A%O'W, (54)
L Y 55
n o Igw ’ w;w - zw/,tw ( )

The relation Eq. (54) between the shear tensors in both
frames is linear; this means that if the shear tensor o}, in the
Einstein frame vanishes, then the same happens for the
shear tensor o}, in the Jordan frame. This relation is
expected as A is the conformal factor, which affects the
volume and therefore the expansion rate, but not the shear.

These transformation laws of the kinematic quantities
have a role to play when comparing certain gauges in the
two frames. When solving the linear perturbation equations
in GR, not all degrees of freedom (dofs) are physical; the
nonphysical d.o.f.s do not affect the physical results and
can be fixed by choosing to work in some gauge. The
choice of gauge is not unique and different choices usually
have advantages and disadvantages. Some commonly used
gauges are
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(1) The synchronous gauge, where the 4-acceleration of
the observer u# vanishes.

(i) The Newtonian gauge, where the shear tensor o,
vanishes.

(iii) The energy frame, where the energy flux g,
vanishes.

It is straightforward to see from Eq. (49) that the synchro-

nous gauge is not preserved by a change of frame. For

instance, if we choose to work with the synchronous gauge

in the Einstein frame by setting ## = 0, then in the Jordan

frame i:tﬂ generally does not vanish. The Newtonian gauge,
on the other hand, is the same in both frames due to
Eq. (54). Later we will see that the same applies for the
energy frame.

2. Dynamical quantities

Next we turn to the relations between the dynamical
quantities in the two frames, starting from the definition of
the stress-energy tensor:

2 8ly/=gL")]
N7

Using Egs. (7) and (8) and the fact that the term in brackets
is frame independent, one finds the following relations,

Tf,l,,) =-

Fuli) i ON w1
Ty e T, T(i) e T(i)’

(56)

~ 1
T = 4 T

where the superscript () indicates that these relations are
valid for any species.

Using the decomposition Eq. (4) and the relations
Eq. (56), we find that the energy density, isotropic pressure,
energy flux and anisotropic stress in the two frames are

related by

0 1 .

=0 — L) 53
0 _ Lo oo o 1y

u A2 349us 4 _A% 4(iy (59)
= (i v =) 1

i, :pl'[ v, =T, (60)

Note that the relation in Eq. (59) between the energy
fluxes in the Einstein and Jordan frames is linear, which
confirms that the energy gauge is preserved by a conformal
transformation.

One can intuitively understand the relation between the
energy densities in the two frames given in Eq. (57). Since
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9w = Agy,, the relation between infinitesimal lengths in the
two frames is given as ds = \/st. Hence, if one considers
a length [ in a spatial hypersurface of constant time ¢z, it
can be easily found that 1= \/Zl. Meanwhile, the relation
between masses in the two frames can be found by
considering the action of a point particle of mass m
expressed in terms of the tildered metric

wlG] = i / . (61)

Using g,, = Ag,,, the same action can be expressed in
terms of the untildered metric as

] = / VAL /=g, dxdx, (62)

which implies that

m= \/—Zm. (63)

Therefore, in this case the density in the Jordan frame is
given by p = ml > = A2mi=3 = A%

From the above equations, we can also find the relations
between the time and spatial derivatives of the energy
density in the two frames, which is useful for the following
sections:

o1 A
p=—p—2"0p, 64
p=gh=2ar (64)
S|
V.p= ye V WP = 2p—5 A3 . (65)

We define the perturbation of energy density about the
exact zero-order FRW metric by the comoving first order
(i)

quantity X\ = @”p(i) = pAY in the Einstein and X\ =

@ll[)(") = [)“)A/(f) in the Jordan frame. These quantities are
related by

X0 = %X,(f) - 2%,
AD = Al - 2%, (66)
and their time derivatives satisfy
AV Lo 1AL 2¢, 9VA+3 VA
AT 24T AR wA
—24,, (67)

3
2
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Finally, it is useful to have the following expressions,
which relate the conservations of the stress-energy tensors
in the Einstein and the Jordan frames,

s L 1VRA
Vil = 3 Vel =5 T
(1> o 1 (l) IVDA i
VI =5V, =25 @, (68)

3. Einstein’s equations

We can now discuss the perturbed Einstein equations in
the two frames. In 3 + 1 formalism, the linearized Einstein
equations give the relations between the kinematic and
dynamical quantities that were introduced above. These
include five constraint equations

0= V% @), (69)
2V,0 .
0=-—~ v + V@, 4+ Mplq,, (70)
0 = [V, — Vi le, v — H,, (71)
v v 1 2| v 2 2
OzV,,E#+§MP1 V,,Hﬂ+§9q,,—§vﬂp s (72)

1 ~
7M1;12 [VaCIﬁ + (ﬂ + p)waﬁ]eﬂuaﬁuy’ (73)

0= V”H,w+2

and five propagation equations
/ 1 2 % 1 -2
0=b+36 =V wt3 M +3p). (74)

2 A 1
0=45",+300", - V¥, + EF, - EMEIZH"U, (75)

. 2
0=w, +50w,

3 - @[ﬂwy], (76)

. . 1 o
0= &, + 0B, —V'HYe,,  ul + 5 Myl [H"y + genﬂy]

1 R
+5Myl(p+ p)oty + V¥q,). (77)

. . L
0= H,, +0H,, + VEy,e, L u — = M2Vl e, 0.
(78)

In these equations, €,,,; is the four-dimensional covar-
iant permutation tensor, Vow=V* w, (the same for
general vectors), and E,, and H,, are, respectively, the
electric and magnetic palts of the Weyl tensor, C,,qp,

defined by E,, = u®u?Cpy and H,, = Lu“ule[nC,s,p.
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In the Jordan frame, these equations take the same form,
but the quantities in them should become tildered. In
addition, since there are extra terms in the Jordan-frame
effective stress-energy tensor from the conformal trans-
formation, as shown in Eq. (37), such terms must be added
to the tildered (bold) dynamical quantities in the Einstein
equations. For simplicity, we do not repeat all the constraint
and propagation equations, but instead only write down
those that are directly relevant for linear perturbation
evolutions in a spatially-flat perturbed universe:

W 3 5 -

0= ===+ V.3, + V., + Mpd,. (79)
2 . 1[c I, 2-q 22 p

0=V,E, +- |V, =L+ -2V, |, 80

P20 My 3 My 3T MG, (50

S 1., 2 |

0:9+§92—V-W+§M§12(p+3p), (81)
o 2~ 2 ~ 1

O - 5”1/ + 508”1/ - vw{vl/) + E’ul/ - _Mf_’lznﬂlﬂ (82)

0=E ,+0E, -V
| R | B~ 5
+§9MP12Hﬂv] +§[MP12(P +p)e*, +V MPIZ(LA]-

(83)

We have verified that these Jordan frame equations are
equivalent to their Einstein-frame counterparts (for exam-
ple, one can start from the Jordan frame equations and use
the relations of the dynamical and kinematic quantities in
these two frames to derive the Einstein-frame equations,
and vice versa), for which we have used the following
expressions (up to linear order)

E,=E,. (84)
2 1 4
DA = —[IA, (85)
A
28 2 2 A A A N B
V V<ﬂvy>A = 3_AVP’DA - vam o (86)
5 . & l o o 1 .
V”WD = Vﬂwy + ﬁVWV”A + 6_AhIwDA’ (87)
and
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2 [pl 1. [p® 1 p@ . A
u{'{—z} = ﬂ[p—z} — VA 52,
Mp| A "Myl ATMjp A
1 347 . A
+?[9+EZ]V”A—29EVﬂA
9A? . 1o -
~ VA = Vi0A. (88)

In addition to the above equations, it is often useful to
express the projected Ricci scalar, R, onto the hyper-
surfaces orthogonal to u#, as

N . 4 .
R:R—20—§02+2V-w (89)

2
= 2Myip ~ 30 (90)

The covariant spatial derivative of the projected Ricci

scalar, Ny = @”IA?/Z can be derived from the above
equation, as

R 2 .
11” = Mf,lzvﬂp - §9Vﬂ9, (91)

and its time evolution is governed by the following
propagation equation

. 20 o .
Ny +6n, = —?V”V-W—Mplzvﬂv-q. (92)

In the Jordan frame, using the relations Egs. (89) and
(36), it can be found that

2 1. 2 A

R=—R-—-0A, (93)
A

B 1 1 ~ -

77” = Z}’]” —PV”DA, (94)

with which it can be easily shown that the equations

2 ~ L 2~
R =2Mpp — 592, (95)
B - 2~:: ~
M, = MV, p — 5avﬁe, (96)
20

are equivalent to their Einstein-frame counterparts.

4. Conservation equations
The Jordan frame stress-momentum tensor 7%, satisfies
the conservation equation V,7%, =0, which can be
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decomposed into a component parallel to #* (the continuity
equation) plus a component perpendicular (the Euler
equation) as:

P+ (+POEV-G=0, (98)

° 4~ 5 ~ 2 . 2.
Gy + §9qﬂ +@+PWw,+V,P+V,IF,=0. (99)

In the Einstein frame, on the other hand, the stress-
energy tensors for individual species do not conserve, but
satisfy

T
VDTD” — ﬁvﬂA,

according to Eq. (68), where T is the trace of T#,.
Therefore, the continuity and Euler equations can be
written as

_ R T .
p—i—(p—l—P)G—l—V-q:—ﬂA, (100)
. 4 o b T
qﬂ—f—gﬁqﬂ—i—(p—i—P)wﬂ—l—VﬂP—i—VDH”:EV”A.
(101)

In what follows, we shall explicitly compare the conserva-
tion equation for photons and dark matter in the two frames.
Other matter species, e.g., massless neutrinos and baryons,
are similar. We will not discuss massive neutrinos in this
paper.

Photons (and massless particles in general) have zero
trace of their stress-energy tensor, and so the conservation
equations hold for them even in the Einstein frame. By

using Egs. (50), (57), (64) and V - § = A=5/2V - g, one can
straightforwardly check that the continuity equations for
photons,

o) 4. 2

p +305" + Vagi, =0, (102)
50 4 o) L ga —

P+ 300" + Vag(p) = 0. (103)

are equivalent to each other in the two frames. Similarly, it
can be checked that the momentum (Euler) equations for
photons in the two frames,

°n 4~
9u +§

(104)
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. 4 A, 4 1~
qu’) + gequ') + VDH”(Y) + gp(}’)wﬂ + g ﬂp(y)
4
= n,op <3p<7) B q,‘])), (105)

are also equivalent, for which we have used

S A
qu :FQ/J _ZFQ;H
v :A%vﬂ,

67 = A7In,or,

where n, is the electron number density and ot is the
Thomson scattering cross section. The right-hand sides of
the Euler equations are the interactions between electrons
and photons. Note that the electron densities in the two
frames are related by n, :A‘%ne, because the electron
numbers are the same while the volumes are related by
V « > = (vAl)* < V. On the other hand, the Thomson
cross sections in the two frames are connected by
or = Aor, which can be easily checked using the expres-

8z 7 2
sion or =73 (4neumc2) ’

the electron electric charge and the mass; thus o1 & m™

in which ¢ and m are, respectively,
2

with 72 = A~2m.
By taking the spatial gradients of Eqgs. (102) and (103),

one finds the propagation equations for the photon density
contrast A, (A,) in the Jordan (Einstein) frame (using

Again, it can be checked that these equations in the two
frames are equivalent. The fact that all the conservation
equations for photons take exactly the same form in the
Jordan and Einstein frames is because conformal coupling
does not affect the dynamics of photons and, more
generally, massless particles.

We next turn to cold dark matter, which is treated as a
perfect fluid with zero pressure and anisotropic stress in the
perturbation analysis. Using the connection between quan-
tities in the two frames, it can be shown that the continuity
equations in the Jordan and FEinstein frames:

o ) 2
5 c + Hp(c) + vﬂq?c) 0, (108)
© + e—i © 4+ Vg%, =0 (109)
P A P ad(c) )
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are equivalent to each other. Note that, unlike the case of
photons, these equations take slightly different forms in
the Jordan and Einstein frames, with the latter having an
additional term. While in the Jordan frame j(® satisfies the
usual p{© o« @3 scaling law, in the Einstein frame the
mass of dark matter particles evolves in time with
mx VA, and we have a modified scaling law p(¢) /v/A «
a3 or p ) \/_ Aa~3, which explains the extra factor
in Eq. (109).

Similarly, the momentum equations in the two frames:

2@ Ao (o)~
qu +§9q£,>+p<°)wﬂ:0,

. (c 4 c c
i+ 5008 +pw, =~

are equivalent to each other. Indeed, the above equations
can be rewritten in terms of the peculiar velocities given by

i =g /p) and off) = g /p©
20 a.) -~
vy +Evﬂ +w, =0, (110)
(© Alo,, __1¢
u —i—[——i—ﬁ]vﬂ +w, _ﬁvuA (111)

As expected, in the Jordan frame, the peculiar velocity
of dark matter particles is affected by two terms—a
“frictional” force caused by the expansion of the
Universe [the second, velocity-dependent term in
Eq. (110)], and a 4-acceleration w, which encodes
the effect of gravity on particle geodesics. The terms
are both modified in the Einstein frame: the particles
now feel a “fifth” force that is proportional to the
gradient’ of In(A) as in the right-hand side of
Eq. (111), and an additional frictional force as in the
brackets on the left side of Eq. (111).

Taking the spatial gradients of Eqs. (108) and (109),
we obtain the propagation equations for the dark matter
density contrasts in the two frames [again by using
Eq. (67)]:

(112)

“In this sense, In(A) can be considered as the potential of the
fifth force.
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. (¢ 1
AL>+§9A”+Z oW+ 5 Vvaq“
e . A
a2 va 13
24 T A VAT (113)

Before leaving this section, note that another sanity
check of the equations derived above is to verify that the
components of the scalar field effective stress-energy
tensor: p, p, g, and I, satisfy the conservation equations,
Eq. (98) and (99). An explicit check of this will require us

to know the exact form of ﬁ@, i)@, Z],(,¢) and fI,(ff) , as well
the stress-energy tensor components for normal matter

species (because it is the components of Mjp, pi T,(,Ifaner) that

enter the Jordan-frame Einstein equations, and My, depends
on the scalar field A). A slightly easier check—which still

serves the purpose—is to assume that wa) = T,S‘,fmer) =0,

which means that there is no matter, including scalar field,
in the Universe in the Einstein frame. We have checked that
Egs. (98) and (99) hold for p, p, q, and ¥, in this case
(their Einstein-frame version are simply 0 = 0 and so hold
too trivially).

B. Quantities and equations in k space

The linearized Einstein and conservation equations are
usually solved in Fourier (or k) space, where the different
Fourier (or k) modes are independent of each other. The
spatial derivatives can then be replaced with multiplications
by powers of k, so that the equations become ordinary
differential equations that can be solved by numerical
integration. In this subsection, we’ll write the quantities
and equations in k space.

For this, we define the zero-order eigenfunctions Q¥) of

the comoving spatlal d’Alembertlan operator 0=
a®V,V* (and 0 = a2V va ) as

2L = —k2QW; @M = —k2W.  (114)
Q<k> is a zero-order quantity. The multiplication of a? not
only makes this operator acomoving one, but also means that
0™ is the same for both the Einstein and the Jordan frames.

Vector and (rank-2) tensor perturbation quantities in the
Einstein (Jordan) frames can be expanded in terms of Q,(,k)
(O and Qff) (OY)), which are defined by 0 =4V, Q)

(@ =£9,0%) and 0}f) = V,,05 @1 =1V, 0.
respectively.

1. Kinematic quantities

Using the notations introduced above, the k-space
kinematic quantities (or their gradients) in the two frames
can be written as
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k* k k k
Zﬂ:Z;ZkQ/(‘)’ Wﬂ:_ZZWkQL)’
k k

k
O = _ZZGkQE‘]’?’ h, = Zkth;gk),
x

k

N F o 5 RS sm
'1,4—2§77kQ;¢ ) ﬂ—Z? O’

=

(115)

where h, = @Ma and h, = 6 a. From these relations, we
find

1
B W — — &, 116
Wi = Wi 2A§k (116)

31 31 [d 3A’ 3A
kZ, = kZ - 117
k k+2A§ 2A{ ]§k+2A (117)
5-/(:0-](’ (118)
o = hy 5 (119)
k — Itk 24 ko

. 1

N = M +Z§k7 (120)

in which ' means the derivative with respect to the
conformal time # (not to be confused with 7, with a
subscript , which is the Fourier coefficient of 7,), and

where we have used the Fourier expansion of @”A given as
V,A (121)

k
= Z;ka/(tk)v

k

and the relations (which hold to zero order)

- 1 -
Low —Low, Q

{JPNT
- ; = ow. (122)
2. Dynamical quantities

Similarly, for the dynamical quantities or their gradients,
we can write
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A, = Z 80", q=-Y a0l
k
ZHka,
éﬂ = _ZékQﬂ ’ ﬁm/ = Zﬁké}(l]z) (123)
k

From these expressions, we can find the following
relations between the two frames,

~ 2
Ak:Ak—ka, (124)
AP 14 2
Ay = Ay ——¢&;, (125)
A
= A7q;, (126)
I, = A1, (127)
where A7 is the expansion coefficient for Al = @ll p/p.

Note that because p = A~2p, if we define v, = ¢,/p and
7, = I /p (and similarly for their Jordan-frame counter-
parts), we will have
Tjk = U, 7~l'k = Tlg. (128)
For the relevant effective stress-energy tensor compo-
nents of the scalar field given in Eqgs. (39) to (42), the
Fourier expansion coefficient can be written as

X, a2 X,((wa2 1 pa? k? A
= &+ fk‘f’—kzk
My My AM
3 a’ A’ 6A’ [d 3A’
SRR
34" [af A’
M[ﬁm]wk’ (129)
) (@) 2 / ! /
qra gy as 1. 1|a 3A A
- ——k — k k ,
2T M A 5"+A[ 2a) e
(130)
1,2 H(w)az 1 Al
M%l 11;4%1 —Zk2§k—Xka, (131)

where in Eq. (129) p is the total energy density of all matter
species in the Einstein frame.

3. Einstein’s equations

With the above results, we can now write down the
Fourier-space versions of the linearized Einstein equations

PHYSICAL REVIEW D 96, 124009 (2017)

in the Jordan and Einstein frames, and check their equiv-
alence. For the constraint equation, Egs. (79) and (70), we
have

2 . ~ ~ e~

gkz(ﬁk — 7)) = Mprqua’,

2

gkz(O'k - Zk) = Mglzqkaz, (132)

and using Egs. (117), (118) and (130), it can be shown that
they are equivalent. Using Eqs. (116), (117), (120), (129)
and (130), it can also be found that the Fourier-space
versions of Egs. (96) and (91),

a
K2y = My Xya* — 2k~ Z.
a

/

K = M32X,a? — 2k~ 7, (133)
a
and of Egs. (97) and (92),
- - o~ - a .
kif, = —Mpi q;a> — 2k — Wy
!/
ki, = —Mptqia® — Zkgwk, (134)
a

are equivalent.
The constraint equations Egs. (80) and (72) in the
Fourier space become

N P -, 1.
k3q)k = _E |:kMP]2(Hk + Xk) + 35Mplzqk:| 612,
3 1 ) a. . 2
k (Dk = _E kMPl (Hk+Xk) +35MP1 qrla-, (135)

the equivalence of which can be checked by using
Egs. (129), (130), (131) and (132). In the above, @, and

@, are, respectively, the Fourier coefficients of E,, and E
k2 ~ K~ -
E, = Z;@Qw, E, = Z?(DkQW, (136)
3 3

so that the Weyl potentials in the two frames satisfy
d>k @, following E,, = E,,,.

The propagation equations for the shear, Eqgs. (82)
and (75), become

. ) L
k<5§< + zék) = KDy + ) + 5 MplTLa* = 0,
!/
1
k(ﬁi + a;%) — K3 (@p + wi) + 5 MpiTha® =0, (137)

and the propagation equations for the Weyl potential,
Egs. (83) and (77), can be written in k-space as
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N N N
k q)k‘i‘gq)k =5 kMpi [(p + P)o + Q4]

(138)

These again can be shown to be equivalent to each other.

Therefore, for all components of the linearized Einstein
equations that are relevant here, the two frames are
physically identical—not only do the equations take the
same forms, but also they have the same physical content.

Note that, in this subsubsection, we used bold symbols to
denote total quantities, including contributions from normal
matter and the effective stress-energy tensor of the scalar
field in the Jordan frame.

4. Conservation equations

Expressed in k space, the perturbed continuity equations
for photons in the Jordan and Einstein frames can be
written as

-/

. 4 .
(B +3 k2 = 4% i+ ki) = 0.
a

4 /
(A 43k =4S+ k) = 0. (139)
a
The Euler equations for photons can be written as
q P
1 - 2 4 4
@) —gkA/(Z) +§k7~f/(cy) 3k —nora <§17,(Cb) -~ 51@) —0,

1 2 4 4
(v,(f)), —gkA,(f) +§k7t,((7) +§kwk —n,ora <§v,(<b) - v;{”) =0.

(140)

The perturbed continuity equations for cold dark matter
become

~!

(A +kZ, - 3%% + kil =0,

RN a/ c 1 A/
(A +ka—3;Wk+k”§¢) :ﬂfi—méks (141)
and the Euler equations are
NI
(W) +5”k +kwy =0,
(Y + C A0 4w = L ke (142)
: a  2A|F AEY
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All these equations are equivalent between their Jordan
frame and Einstein frame versions, as can be straightfor-
wardly checked using the relations between the k-space
quantities in the two frames given above. As in the real
space case, we shall not present the relevant equations for
baryons and massless neutrinos as they are similar.

Note that Eq. (139) can be rewritten, in a form that more
directly shows that they are “continuity” equations, as

[AY + 4y + ki) =0,

AV +an) + kol =0, (143)
where we have used #h) :%ka—%'wk and a similar
relation in the Jordan-frame. Therefore, even though

both A,(f) and Ay, are frame-dependent, the value of their

combination in the brackets are not because 1”;,((” = v,ﬁ”.

This is because (A,(f) +4h,) is the fractional perturbation
of pa*, where p(%) is the local photon energy density and
a is the local scale factor: the conformal transformation
changes the size of a volume element and therefore the
density in it, but it does not change the total energy inside
the volume element. Doing the same for cold dark matter,
we obtain

AY) +30h,) + kbl =0,

1 !
AV 4+ 3p, - i ko =o0. (144)

The equation in the Jordan frame can be understood as the
mass conservation as in the case of photons, while
the Einstein-frame equation looks different because of

the variation of mass m o A>—here what is conserved is
not the mass in a volume element, p(”>a3, but the number of
particles in it, which is proportional to p<c)A‘%a3.

V. FRAME-INDEPENDENCE OF COSMOLOGICAL
OBSERVABLES

In the previous sections, we have explicitly checked the
mathematical equivalence of the Einstein and conservation
equations in the Jordan and Einstein frames. We have seen
that although quantities such as the matter density pertur-
bation, spatial curvature and gradient of the expansion
scalar are different in these frames, and the matter contents
in them are also not exactly the same, certain combinations
of quantities are frame independent. To demonstrate the
physical equivalence between the frames, we need to show
that the quantities that are directly related to observables are
frame independent.

A. The CMB power spectrum

The CMB temperature map, whose anisotropy informa-
tion is often presented in the form of its angular power
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spectrum C(Z), has been a primary cosmological observ-
able, and can be used to simultaneously constrain all six
cosmological parameters in the simple ACDM model.

The CMB temperature anisotropies are primarily due to
the inhomogeneities of photon densities at the time of last
scattering, plus late-time secondary temperature fluctua-
tions induced by the CMB photons falling in and climbing
out of the potential wells created by the large-scale
structures on their way to the observer. From the distribu-
tion function of photons, f(E, ), where E is photon energy
and e is the direction vector, the mean energy density can be
written as

pi) = / dEAQE’f(E,e) & T{,).

(145)
where Q is the solid angle and 7', is the mean photon

temperature. Hence, the direction-dependent CMB temper-
ature fluctuation around the mean value is given by

4

[+ 8(e))* - / dEE*f(E.¢).  (146)

The e dependence of the distribution function can be
expanded using projected symmetric trace-free tensors as

f= Fye =F+Fuet+Fyete’ +---, (147)
=0

where F is the unperturbed distribution function and F,
F,, are first order quantities characterizing the direction
dependence. To linear order, this gives the following

expansion [28,31]

or(e) :liwl e, (148)

A
44~ (=2) ()
in which I, are projected symmetric trace-free energy-
integrated multipoles of the distribution function

dr (<2 (O [
Iy =——F—" EE’F, .
Ay p(}’) (2f+ ])! [) d Ap

(149)
The collisional Boltzmann equation for photons can then be
written order by order in #, which results in a hierarchy of
coupled equations

7+ 1 4 4
Iy +k [T—H f+1k mlf—l,k} + 4h 80 + gkwkéLL
8
- Bkakéi
4 1
= —an,or |:If,k - 5210.1( — gﬁ}yib) — E5§]2k:| , (150)
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where [, is the k-space counterpart of [I,: I, =

Zklf’inkf), and 5(} etc. are Kronecker deltas. The right-

hand side of Eq. (150) are collisional terms coming from
Thomson scattering and we have neglected polarization for
the discussion here. The lowest three multipoles of 7,

(¢ =0, 1, 2) are, respectively, A,(f), v,(f), ﬂ,(f), and one can

check that the £ =0, 1 components of Eq. (150) are,
respectively, Egs. (139) and (140). From the discussion in
previous sections, it follows that 1 ¢ex = 1gy forall 2 > 0,
and hence the CMB temperature anisotropies should be the
same in the two frames.

One can check this more explicitly. The solution to
Eq. (150) can be written in the line-of-sight integral formula
as [31]:

3
Lz i(no) =4 /'70 dne™ ( [kok + 16"”6“”?)]

1, . b "
X |:§]f +Jr ] + [aneGTvl(c ) - kwy]jy

1
+ [Z aneGTAl(cy) - hi} jf>’ (151)

in which j, = js(x) = js(k(ny—n)) is the spherical
Bessel function, j;(x) = dj,(x)/dx, and 7(5) is the optical
depth defined by

7(n) = /’70 dnan,or, (152)
n

where 7 is the comoving time today.

As discussed above, the conformal time 7 is the same in
the Jordan and FEinstein frames, as well as an,op and
therefore z. The spherical Bessel function is the radial
part of the eigenfunction Q¥ of the comoving spatial
d’ Alembertian operator azﬂ and thus is the same in the

two frames. Perturbed variables oy, 71'](3,) and U]((b) are frame-
independent too, and so we just need to check that the
remaining terms in Eq. (151) are frame independent—this
can be done by integrating by part the term involving A; in
Eq. (151):

1
Z/dr]e_faneaTA,(cy)jf
1 de™" .
— 1 [ % ekt =)
1 " .
—3 [ el - @i (1s)

As combinations A, — 4w, and A, + 4k, are frame inde-
pendent (which can be checked using relations derived

from previous sections), we conclude that I, = I, and so
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the CMB temperature anisotropies are the same in the
Jordan and Einstein frames.

B. Other observables

Apart from the primary CMB power spectrum, which
depends on the Weyl potential @, through the Sachs-Wolfe
effect, there are other observables which are directly
determined by ®,. One is the integrated Sachs-Wolfe
(ISW) effect, a secondary effect on the CMB temperature
anisotropies caused by CMB photons gaining (or losing)
energy by falling into and climbing out of time varying
Weyl potentials, and which can be expressed as an
integration over the time variation of ®;:

IIfSJCW = 2/ dn®j,. (154)
n

As part of the CMB temperature anisotropies, it is frame
independent as discussed in the previous subsection, and
this can be seen directly as well, given that ®,, j, and 7 are
the same in the two frames.

Another is gravitational lensing, which is the effect of the
trajectories of photons from distant sources (such as
galaxies or the last scattering surface) being deflected by
the Weyl potential of foreground lenses (such as galaxy
clusters, cosmic voids or more generally the intervening
large-scale structure). This causes distortions of the images
of the sources and amplifications of their magnitudes. The
(unobserved) angular position of the source in the source
plane, f, is related to the observed angular position, 6,
through

-2 [ gk

where @y, is the Weyl potential (the real-space counter-
part of @), y is the comoving distance, y, is the comoving
distance of the source and i = (1, 2) represent the two axes
in the plane perpendicular to the line of sight. The
comoving distance is given by y = cAn where Az is the
conformal time needed for light to travel between
the objects, and is frame independent as ¢ and 7. The
Weyl potential is also frame independent, so that it follows
that the gravitational lensing calculated in the two frames
are the same.

The pre-recombination interaction between baryons,
electrons and photons not only lead to the CMB temper-
ature anisotropies, but is also responsible for a baryonic
acoustic oscillation (BAO) length scale which is imprinted
in the late-time distribution of matter, and which can be
used as a standard ruler to measure cosmological distances.
The BAO scale is given by the maximum distance traveled
by sound waves before recombination, and has a comoving
size of

”v P Oyen(2.B(x)).  (155)
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’7rec
lgao = / cgdn,
0

where 7. is the conformal time of recombination and c; is
the speed of sound waves, given by

(156)

(157)

Because both p(®) and p(*) transform in the same way in a
conformal transformation, it follows that ¢, and therefore
Igpno, are frame independent. The comoving angular
diameter distance for BAO features at a given time 7,
dy = Iga0/ 0, where O is the angle subtended by the BAO
pattern, is equal to y(n) for a flat space, and is frame
independent.

While the relation between the comoving distance and
conformal time, (), is frame independent, the same does
not apply if other ‘time’ variables are used. For example,
the scale factor, which is often used as a time variable in
cosmology, is different in the two frames: & = v/Aa. From
the equations

Mo le
ay = dn—,
0 /0 dn
da d 1
ag = dn— / dn—(aA™?),
0 A dn Jo dn ( )

it can be seen that ay = 1 for today in the Jordan frame
corresponds to a; # 1 in the Einstein frame, where today is

(158)

characterized by ay = A, %. This means that the comoving-
distance-scale-factor relations are different in the frames.
The physical times are also frame dependent as d7 = \/Adt.
Because time measurements require the use of atomic
transitions, which are not affected by the scalar field in the
Jordan frame where matter is minimally coupled, we
consider 7 as the physical time, and it is convenient to
define ay = a(ty) = 1.

In the Jordan frame, cosmological redshift is given as
usual: z = 1/a — 1. In the Einstein frame, it is a bit more
complicated: due to the time evolution of particle masses,
including the electron mass, in this frame, the frequency of
an atomic transition as measured in the past (e.g., when the
conformal time was 7), v(n), is not the same as the
frequency of the same atomic transition measured in our
labs today, vy, but the two are related by v(y) =

A(n0)/A(n)vy since v o« m = mA™2 [19]. The total pho-
ton redshifting including this contribution is then 1 4 z=
v(n) /v = [A(no)2acl/[A(n)a(n)] = ao/a =1/a=1+Z.
Therefore, redshift is a frame-independent quantity. The
luminosity distance of an object a photon emitted by
which at time # is received by an observer today is given
by di. = (1 + z)x(n) where y(n) is the comoving distance
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to 7, and the (1 + z) factor comes from photon energy
redshifting and time dilation, both of which are affected by
the A-dependence of frequency—with the properly defined
frame-independent redshift, the Iuminosity-distance-
redshift relation dj (z) is the same in the two frames as well.

Finally, another commonly used cosmological observ-
able is the two point correlation function of the matter
overdensity field or its tracers, &(|r|) = (A(x)A(x + 1)), or
the matter power spectrum P (k) given by (A, (K)A (k")) =
(27)35(k — K')P(|k|). As we have seen in Eq. (124), A; is
frame dependent, which means that P(k) depends on
whether we are in the Einstein or the Jordan frames. Note
that P(k) is generally gauge dependent, but the effect of using
different gauges is small on small scales.

C. A numerical example

From the discussion and comparisons above, it is
apparent that the Jordan frame has the disadvantage of
having complicated expressions. Taking Eq. (138) as
example: the tilded dynamical quantities in the Jordan-
frame version of these equations, given in Egs. (129), (130)
and (131), respectively, are lengthy and in the end
they cancel each other in a combination. Therefore, the
Einstein frame is computationally more convenient in
practice.

It is often said that the calculation can be done in
either of the frames, and physical observables should not
depend on which frame is used. While this is true, there is a
subtlety here—the two frames have the same redshift, but
not the same values of the scale factor, i.e., a # a. To obtain
observables today, such as the CMB power spectrum, the
linear perturbation equations usually need to be integrated
up to z = 0 or @ = 1, and if the calculation is carried out in
the Einstein frame the integration should be stopped at
a # 1. Therefore, a recipe for linear perturbation calcu-
lation is to compute the background quantities using a
which has the advantage of being more directly related to
redshifts—and the perturbation evolution using the con-
formal time y—which is the same in both frames. There is
no need to derive the Jordan-frame background equations,
even though they should be fairly simple, and in practice
one can do everything in the Einstein frame: a is given by

V/Aa. One example to show why it is more convenient to
use a instead of a is the conformal time today, for which we
need to integrate di/da until a = 1, while if we use a the
integration should stop at a = A~'/2 which is model
dependent.5

As an numerical example, we consider the K-mouflage
model [25,26] studied in [32]. In this model, the total action
is given by Eq. (28) with

’In many places, the codes are default to integrate to
z=1/a-1=0, e.g., the function dtauda in cAamB. If we
integrate dn/da, these places may all need to be changed.
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A(p) = exp(2My ), (159)

Ly = -M*K (o), (160)
where £ is a dimensionless model parameter characterizing
the coupling strength of the scalar field with matter in the
Einstein frame, M is a model parameter of mass dimension
that will be fixed given the fractional energy density of the
scalar field today,

My (V). (161)

o=

1
2

K =-1+0+ Ko™, (162)
where K, m are two other dimensionless parameters.
This model has been described in detail in the above
references, and as we only use it as an example to illustrate
our numerical implementation, we shall keep things simple
by only presenting the above equations. Note that ¢ here
has no subscript 4, to be distinguished from the shear oy.

We have implemented this model in the publicly avail-
able linear Boltzmann code cAMB [33], using both the
Einstein and the Jordan frames, and some numerical results
are shown in Fig. 1. In the left panel, we have plotted the
CMB temperature spectra for the K-mouflage model (see
legends for model parameters) as the colored curves, and
the corresponding ACDM model® as the black solid line.
The blue dashed and green solid curves are obtained
respectively by integrating Jordan- and Einstein-frame
perturbation quantities to vAa =1 and @ =1 (in this
particular model we find that @ = 1.0835 at a = 1), and
they are identical as expected from the discussion above.
The red solid line, in contrast, is obtained by integrating the
Einstein-frame variables to a = 1: here the background
expansion history is incorrect (therefore the shift of CMB
peaks due to wrong distances) and there is less time for the
evolution than in the correct calculation (hence a weaker
integrated Sachs-Wolfe effect).

In the right panel of Fig. 1, we show the linear
matter power spectra for the same models and calculations.
Again, because the red curve stops at a = 1 rather than
a = 1.0835, there has been less time for the growth of
matter density perturbations, which results in a smaller
P(k) than the correct prediction. The blue dashed and green
solid lines are identical on small scales, while on very large
scales they show mild difference. The density contrast, and
therefore P(k), is gauge-dependent, and this difference is
expected unless one uses the gauge in which the scalar field
is homogeneous (&, = 0).

®This is the ACDM model whose present-day density param-
eter Q, is equal to the current density parameter of the scalar
field, Qg, in the K-mouflage model, and all the non-Kmouflage
model parameters are the same in the two models.
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Left panel: the CMB temperature power spectrum C(/) in the different models/calculations. The black solid line is for the

ACDM model for comparison, the blue dashed and green solid lines are the results computed from the Jordan-frame and Einstein-frame
quantities, respectively, and the red solid line is computed in the Einstein frame but with the calculation stopping at @ = 1 rather than

V/Aa = 1. Right panel: the same as the left panel but for the matter power spectra P(k).

VI. DISCUSSIONS AND CONCLUSIONS

In this paper, we have studied some aspects of the
physics of the scalar-tensor theory in two conformally
related frames, the so-called Einstein and Jordan frames.
Many debates occurred in the community about their
physical equivalence, and this work aims to confirm the
idea that the two frames are physically equivalent, namely
results of cosmological observations are the same in both
frames, given that they are basically the same action
expressed in different forms using field redefinition.

We have done this by a detailed comparison of the
equations in the two frames at different levels. Starting from
the original action written in the Einstein frame, we reexpress
it in the Jordan frame and derive the Einstein and Klein-
Gordon equations in the two frames, before checking that
they are mathematically equivalent. This means that one can
derive an equation of motion in one frame simply by starting
from its counterpart in the other frame. In other words,
working in parallel and independently in both frames, or
working in a given frame and then moving to the other, are
two equivalent approaches to study these theories.

We have then focused in Sec. IV on the links between
physical quantities (that is, dynamical and kinematic
quantities) in the two frames, and used these relations to
show the equivalence of key linearized perturbed equations.
Many physical quantities (such as the scale factor, the 4-
acceleration or the energy density of a given matter specie
for instance) have different expressions in the two frames,
which could lead to the conclusion that the they are not
physically equivalent. However, the crucial point to notice
is that these quantities are not directly measurable by an
observer. The cosmological observables arise from combi-
nations of these quantities, and Sec. V shows that these

combinations are generally frame independent. Hence,
computations can be done in either frame without changing
physical conclusions.

Physics in the Einstein frame is described by GR, to
which a new specie of matter is added—a scalar field which
will interact will usual species of matter. Hence, in the
Einstein frame, Einstein equations have the same form as in
GR, while conservation equations of different matter
species have different forms from the standard model,
since matter exchange energy and momentum with the
scalar field. For cosmological perturbations, working in the
Einstein frame has the advantage of substantially simplified
field equations. In the Jordan frame, gravity is no longer
described by GR, as the scalar-field is now non-minimally
coupled to the gravitational part of the action so that the
Einstein equations are more complicated. The corrections
to the standard GR equations can be treated as an effective
fluid which contributes terms to the total (effective) stress
energy tensor. In the example of the constraint equation for
the Weyl potential, such complicated additional terms
cancel exactly, leaving the result unchanged from the much
simpler Einstein-frame calculation.

Because the two frames are related by a conformal
transformation, they share the same conformal time (),
which means that calculations using # as the time variable
are not affected. However, the scale factor takes different
values in the two frames, with the Jordan-frame scale factor
a considered as the physical one because matter particles

follow their geodesics in this frame. The redshift, 7 = z =

1 _1is a physical observable that is agreed by both frames,

a
even though z # 1/a — 1 in the Einstein frame. Instead, in

the Einstein frame we have z = 1/(v/Aa) — 1; when work-
ing in this frame, the results of observables, such as the
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CMB power spectrum, may not automatically be the same
as from the Jordan-frame calculation, and care needs to be
taken to ensure that integrations end at the correct time, as

ag = A(;% rather than ay, = 1 represents the present day.

Before closing the paper, we would like to mention that
the cosmological equivalence studied here is at the classical
level. There have been interesting discussions at the
quantum level, e.g., [34], and these are beyond the scope
of this work.

Another interesting point which could motivate further
works is the case when the two metrics are related by more
complicated relations than the conformal one (7) studied
all along this paper. For example, it is known that [35] the
most general relation linking the metrics and a scalar field
¢, compatible with causality and the weak equivalence
principle, is a disformal transformation g,, = A(¢)g,, +
B(¢)V,¢V . As in the conformal case, (M, g,,) defines
the Jordan frame, while (M, g,,) defines what we call the
Einstein frame. While a purely conformal transformation is
merely a rescaling of the metric, a disformal transformation
contains both a conformal rescaling of the metric and a
distortion of it. Such transformations have been considered
in various circumstances, such as varying speed of light
cosmologies [36], theories of massive gravity [37] or in the
description of branes embedded in a higher-dimensional
space [38], and the physical equivalence of the Einstein and
Jordan frames in this general case could be particularly
interesting to study, see, e.g., [39-43].
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APPENDIX A: USEFUL PERTURBATION
RELATIONS

In this appendix, we present some useful relations that
hold to first order in perturbations, which are useful for
derivations and checks of the perturbed equations.

We start from the relation between the second-order
covariant derivatives in the two frames V,V*y and V, V¥,
where y is a general scalar quantity:

_ L (V AV + VA — 8VAV ).

(A1)
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Using the decomposition of these covariant derivatives in
the two frames,

S S 1 2 . S0) .
V,Vy =V, V >W + gh/‘;Dw + u,utyy = 2u,V )z//

2 0y . L1 .
+3 0V y — ol — w = SOy, (A2)
-~ 2 2y 1~”£ ~~,,g . 2V o
VViy=V,V 1//+§h,, Oy + u,u’y —2u,V 'y
2'*,, :V) yo ~ yo 1~~yo
+§9u<ﬂv -0,y —w, w—gehﬂ W,
(A3)
and that (to first order),
VAV = Ayru,u” — u,AVy — uyV A,
Vy VYA = Ayru,u — uyV'A — u’AV y,
VIAV,y = —Ay,
it can be found that
_ 3A
- —lo+2Z A4
v A3 {9+2A}’ (Ad)
~ v 1 v
o, :Eaﬂ , (AS)
— U 1 — U
@, :Ewﬂ , (A6)
2 1 ~
Oy = — Dy, (A7)
A
V=%, A8
WV V=3 ViV v (A8)
Var =V, (A9)
24 1 2
V= ZV v, (A10)
2o 1[s . A
Vo = ! {V”y/ - Z_VMW] , (A11)
2uo 1 [a A -
Vi == |V = =iy |. Al2
V=3 { Y l//] (A12)

In the 3+ 1 formalism, time and covariant spatial
derivatives do not commute, but they satisfy the following
relation which is useful in calculations:
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N A

. l & o
Vr = (V) + gﬁvﬂw — i,. (A13)

A similar relation exists for the Jordan frame quantities.

APPENDIX B: EQUIVALENCE OF THE
KLEIN-GORDON EQUATIONS IN THE
JORDAN AND EINSTEIN FRAMES

Let’s start with the Klein-Gordon equation in the Jordan
frame:

RELIPI TN
2 d¢

¢.(V $>2>] _ oL,
( o
(B1)

To show that this equation is equivalent to its Einstein-
frame counterpart, we first slightly rewrite Eq. (27) as

“[ieza] - el

1 dinAdL,

243 d¢ Oo (Vo).

(B2)

where we have used %vﬂ(ﬁ:%ﬁ! (Vg)?> where
"

GE%(VQ{))Z. 5 5
We will also use the relations O¢/0¢p = A7, £(z, =

ALy, TV = AT and TW) = 4L, — 9% (V)2 where

Jdo
the last one comes from
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N

5(\/=5L oc
o _ 2 09k Y V..

(B3)

Finally, for a £, that contains general functions of
o= %(Vqﬁ)z, to ensure the correct dimension, the
Lagrangian density can be written for example as

Ly(p.0) = MIK(M o) = V(). (B4)
where M, is a constant of mass dimension and K(---) is a

dimensionless function. The Jordan-frame counterpart has
the form

Ly(h.5) = (AM,)'K[(A=M,) 5] - V().  (B5)
where & =1 (V $)* = A=25. Therefore, we have
0L;  2dnA 10L, 10KdnA
¢ ¢ 2
By A dp T A0 Ado do (V)
(B6)

Note that 0K/do = 0L,/ 0o.
Using the above relations, it is straightforward to check
that Eq. (B1) can be rewritten as

oL, (¢ (V)| oL,
v"{ o, ) ]‘ o9

which is the Klein-Gordon equation in the Einstein frame.

1dlnA
— T0m B7

[1] S. Perlmutter et al., Astrophys. J. 517, 565 (1999).

[2] A.G. Riess et al., Astrophys. J. 116, 1009 (1998).

[3] K. S. Dawson et al., Astrophys. J. 151, 44 (2016).

[4] (The Dark Energy Survey Collaboration), The Dark Energy
Survey 2015, arXiv:astro-ph/0510346.

[5] H. Aihara et al., The Hyper Suprime-Cam SSP Survey:
Overview and Survey Design, arXiv:1704.05858.

[6] A. Aghamousa et al., The DESI Experiment Part I: Science,
Targeting, and Survey Design, axXiv:1611.00036.

[7] Z. Ivezic et al., LSST: from Science Drivers to Reference
Design and Anticipated Data Products, arXiv:0805.2366.

[8] R. Laureijs et al., Euclid Definition Study Report, arXiv:
1110.3193.

[9] R.S. de Jong et al., Proc. SPIE Int. Soc. Opt. Eng. 8446,
84460T (2012).

[10] D. Spergel et al., Wide-Field InfraRed Survey Telescope-

Astrophysics Focused Telescope Assets WFIRST-AFTA
Final Report, arXiv:1305.5422.

[11] L. E. H. Godfrey, H. Bignall, S. Tingay, L. Harvey-Smith,
M. Kramer, S. Burke-Spolaor, J.C. A. Miller-Jones, M.
Johnston-Hollitt, R. Ekers, and S. Gulyaev, Pub. Astron.
Soc. Aust. 29, 42 (2012).

[12] E.J. Copeland, M. Sami, and S. Tsujikawa, Int. J. Mod.
Phys. D 15, 1753 (2006).

[13] K. Koyama, Rep. Prog. Phys. 79, 046902 (2016).

[14] A. Joyce, B. Jain, J. Khoury, and M. Trodden, Phys. Rep.
568, 1 (2015).

[15] The Scalar-Tensor Theory of Gravitation, edited by Y. Fujii
and K-i. Maeda (Cambridge University Press, Cambridge,
England, 2003).

[16] E.E. Flanagan, Classical Quantum Gravity 21, 3817 (2004).

[17] R. Catena, M. Pietroni, and L. Scarabello, Phys. Rev. D 76,
084039 (2007).

[18] V. Faraoni and S. Nadeau, Phys. Rev. D 75, 023501 (2007).

[19] N. Deruelle and M. Sasaki, Springer Proc. Phys. 137, 247
(2011).

124009-20


https://doi.org/10.1086/307221
http://arXiv.org/abs/astro-ph/0510346
http://arXiv.org/abs/1704.05858
http://arXiv.org/abs/axXiv:1611.00036
http://arXiv.org/abs/0805.2366
http://arXiv.org/abs/1110.3193
http://arXiv.org/abs/1110.3193
https://doi.org/10.1117/12.926239
https://doi.org/10.1117/12.926239
http://arXiv.org/abs/1305.5422
https://doi.org/10.1071/AS11050
https://doi.org/10.1071/AS11050
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1088/0034-4885/79/4/046902
https://doi.org/10.1016/j.physrep.2014.12.002
https://doi.org/10.1016/j.physrep.2014.12.002
https://doi.org/10.1088/0264-9381/21/15/N02
https://doi.org/10.1103/PhysRevD.76.084039
https://doi.org/10.1103/PhysRevD.76.084039
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1007/978-3-642-19760-4
https://doi.org/10.1007/978-3-642-19760-4

EQUIVALENCE OF COSMOLOGICAL OBSERVABLES IN ...

[20] T. Chiba and M. Yamaguchi, J. Cosmol. Astropart. Phys. 10
(2013) 040.

[21] M. Postma and M. Volponi, Phys. Rev. D 90, 103516 (2014).

[22] V. Faraoni, E. Gunzig, and P. Nardone, Fundam. Cosm.
Phys. 20, 121 (1999).

[23] S. Capozziello, P. Martin-Moruno, and C. Rubano, Phys.
Lett. B 689, 117 (2010).

[24] A. De Felice and S. Tsujikawa, Living Rev. Relativity 13, 3
(2010).

[25] P. Brax and P. Valageas, Phys. Rev. D 90, 023507 (2014).

[26] P. Brax and P. Valageas, Phys. Rev. D 90, 023508 (2014).

[27] G.F.R. Ellis and M. Bruni, Phys. Rev. D 40, 1804 (1989).

[28] G.F.R. Ellis and H. van Elst, Proceedings of the NATO
Advanced Study Institute on Theoretical and Observational
Cosmology, Cargese, France, 1998.

[29] C.P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995).

[30] A. Barreira, B. Li, C. M. Baugh, and S. Pascoli, Phys. Rev.
D 86, 124016 (2012).

[31] A. Lewis, doctoral thesis, University of Cambridge, 2001.

[32] A. Barreira, P. Brax, S. Clesse, B. Li, and P. Valageas, Phys.
Rev. D 91, 063528 (2015).

PHYSICAL REVIEW D 96, 124009 (2017)

[33] A. Lewis, A. Challinor, and A. Lasenby, Astrophys. J. 538,
473 (2000).

[34] P. Brax, C. Burrage, A. C. Davis, D. Seery, and A. Weltman,
Phys. Lett. B 699, 5 (2011).

[35] J. D. Bekenstein, Phys. Rev. D 48, 3641 (1993).

[36] M. A. Clayton and J. W. Moffat, Phys. Lett. B 477, 269
(2000).

[37] C. de Rham and G. Gabadadze, Phys. Rev. D 82, 044020
(2010).

[38] G.L. Goon, K. Hinterbichler, and M. Trodden, Phys. Rev. D
83, 085015 (2011).

[39] C. van de Bruck, J. Mifsud, and N.J. Nunes, J. Cosmol.
Astropart. Phys. 12 (2015) 018.

[40] J. Sakstein, J. Cosmol. Astropart. Phys. 12 (2014) 012.

[41] G. Domenech, A. Naruko, and M. Sasaki, J. Cosmol.
Astropart. Phys. 10 (2015) 067.

[42] M. Zumalacarregui, T.S. Koivisto, and D. F. Mota, Phys.
Rev. D 87, 083010 (2013).

[43] D. Bettoni and S. Liberati, Phys. Rev. D 88, 084020
(2013).

124009-21


https://doi.org/10.1088/1475-7516/2013/10/040
https://doi.org/10.1088/1475-7516/2013/10/040
https://doi.org/10.1103/PhysRevD.90.103516
https://doi.org/10.1016/j.physletb.2010.04.058
https://doi.org/10.1016/j.physletb.2010.04.058
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.1103/PhysRevD.90.023507
https://doi.org/10.1103/PhysRevD.90.023508
https://doi.org/10.1103/PhysRevD.40.1804
https://doi.org/10.1086/176550
https://doi.org/10.1103/PhysRevD.86.124016
https://doi.org/10.1103/PhysRevD.86.124016
https://doi.org/10.1103/PhysRevD.91.063528
https://doi.org/10.1103/PhysRevD.91.063528
https://doi.org/10.1086/309179
https://doi.org/10.1086/309179
https://doi.org/10.1016/j.physletb.2011.03.047
https://doi.org/10.1103/PhysRevD.48.3641
https://doi.org/10.1016/S0370-2693(00)00192-1
https://doi.org/10.1016/S0370-2693(00)00192-1
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1103/PhysRevD.83.085015
https://doi.org/10.1103/PhysRevD.83.085015
https://doi.org/10.1088/1475-7516/2015/12/018
https://doi.org/10.1088/1475-7516/2015/12/018
https://doi.org/10.1088/1475-7516/2014/12/012
https://doi.org/10.1088/1475-7516/2015/10/067
https://doi.org/10.1088/1475-7516/2015/10/067
https://doi.org/10.1103/PhysRevD.87.083010
https://doi.org/10.1103/PhysRevD.87.083010
https://doi.org/10.1103/PhysRevD.88.084020
https://doi.org/10.1103/PhysRevD.88.084020

