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Early modified gravity: Implications for cosmology
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We study the effects of modifications of gravity after big bang nucleosynthesis which would manifest
themselves mainly before recombination. We consider their effects on the cosmic microwave background
(CMB) radiation and on the formation of large scale structure. The models that we introduce here represent
all screened modifications of general relativity which evade the local tests of gravity such as the violation of
the strong equivalence principle as constrained by the Lunar Ranging experiment. We use the tomographic
description of modified gravity which defines models with screening mechanisms of the chameleon or
Damour-Polyakov types and allows one to relate the temporal evolution of the mass and the coupling to
matter of a scalar field to its Lagrangian and also to cosmological perturbations. The models with early
modifications of gravity all involve a coupling to matter which is stronger in the past leading to effects on
perturbations before recombination while minimizing deviations from ACDM structure formation at late
times. We find that a new family of early transition models lead to discrepancies in the CMB spectrum
which could reach a few percent and appear as both enhancements and reductions of power for different

scales.
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I. INTRODUCTION

The observed accelerated expansion of the Universe [1]
can be explained within general relativity (GR) by includ-
ing the cosmological constant A, a new parameter whose
presence is not forbidden by the basic postulates or
symmetries of GR. Allowing for A and some form of cold
dark matter (CDM), cosmologists have arrived at a
standard model of cosmology, the ACDM model, whose
predictions are in remarkable agreement with observations,
such as those from the cosmic microwave background
(CMB) radiation and large scale structures in the Universe.
But both CDM and the cosmological constant require
some deeper understanding. Within extensions of the
standard model of particle physics, CDM may find an
explanation such as new particles in models with super-
symmetry [2]. The cosmological constant term, however,
has yet to be embedded within field theories of particle
physics.
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Instead of a A-term in Einstein’s theory, equivalent to a
constant energy density which has to be fine-tuned, many
cosmologists would prefer a dynamical explanation for the
accelerated expansion [3], preferably one which does not
depend on some initial conditions. Therefore, models have
been developed in which a dynamical field, usually a scalar
field, drives the accelerated expansion of the Universe at
late times [4]. If the field couples to matter (baryonic or not)
and the forces are very long ranged (typically of the order of
the horizon scale), the coupling is constrained to be very
small, already at times when the photons decouple from
baryonic matter in the early universe. In addition, local
experiments [5—11] constrain the coupling of a long-ranged
scalar field to normal matter to be smaller than 107> that of
gravity. Given the strong constraints on long-ranged forces,
other types of field theories have been studied, in particular
screened models of modified gravity [12]. In these models,
the gravitational sector is modified to include a scalar
degree of freedom, whose interactions with ambient matter
make the field either short ranged (as in chameleon/F(R)
theories [13-21]) or the effective coupling becomes small
in region of high density (as it is the case of symmetron
[22-25] and/or dilaton models [26,27]). These theories
behave effectively as the ACDM model for the background
evolution. The evolution of perturbations on scales outside

© 2014 American Physical Society
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the Compton wavelength of the scalar field is expected to
differ only slightly from ACDM. Only on smaller scales,
deviations from ACDM are expected in these models. The
interaction range usually changes with the cosmological
expansion in these models as can the coupling strength, but
usually local constraints today impose that in the present
Universe the range of interaction is less than 1 Mpc.
Therefore to test these models with cosmological obser-
vations, predictions for structure formation at small length
scales need to be studied in detail using N-body simulations
[28-31]. Larger scales affected by linear perturbation
theory can show deviations which are smaller but could
still be within reach by precision cosmology. In the future,
besides the large scale structure surveys at low redshifts, the
21-cm signal from the reionization or the late dark ages will
possibly enable us to draw a tomographic view of the
matter distribution up to redshifts z ~ 25 [32-34], higher
redshifts being much more difficult to probe with Earth-
based radio telescopes. At those redshifts, short scales
which would be nonlinear in the very late time universe
appear in the linear regime. 21-cm tomography therefore
should be promising to constrain deviations from the linear
growth of perturbations in general relativity, and thus to
constrain modified gravity [35].

In this paper, we address the following questions: (i)
How can screened gravity affect the evolution of linear
perturbations before recombination? And (ii) imposing the
big bang nucleosynthesis (BBN) and local test constraints
on screened modified gravity theory, can we find new
regimes/models for which those effects leave observable
imprints on the CMB as well as the matter power spectrum?
These questions are considered for two classes of screened
gravity models: generalized chameleons, to which the
f(R), dilaton and chameleon models belong, and a new
phenomenological model where the coupling of the scalar
field to matter undergoes a transition before the time of last
scattering. Notice that viable f(R) models are typical
examples of the application of the chameleon mechanism
[19]. In the absence of this screening behavior in the
presence of matter, f(R) models would lead to an enhance-
ment of Newton’s law locally which would be ruled out
experimentally. For this purpose, we use the fact that
models of screened modified gravity can be described
by two functions of the scale factor a [36,37]: the effective
mass m(a) of the scalar field and the couplings to matter
p(a). This parametrization is equivalent to describing
the modified gravity models using field dependent inter-
action potentials V(¢) and coupling to matter functions
A(¢p). The simplest models such as f(R) gravity and
chameleons use an exponential function for A(¢) corre-
sponding to a constant coupling f to matter. This is enough
to guarantee of the screening effects of the scalar field
thanks to the chameleon mechanism in these models
[13,19]. For dilaton [26] and symmetron models [22]
where the scalar field is screened in dense environments
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thanks to the Damour-Polyakov effect [38], the function
A(¢) is not exponential anymore and the coupling to matter
B(¢) becomes field dependent. In the tomographic
approach, all these models are described within one
framework via different m(a) and ff(a) functions. We shall
see that there can be significant deviations from ACDM in
the CMB spectrum for the transition models where the
modifications of gravity are significant before recombina-
tion. These manifest themselves as both enhancements and
reductions of power on different scales. It is possible to
choose parameters such that these differences are at the
percent level while preserving structure formation and
evading local tests of gravity. In contrast we find that,
for generalized chameleon models with couplings that are
stronger at earlier rather than later times, the constraint on
the variation over time of particle masses is violated before
we observe effects on the CMB. For these models it would
seem that large scale structure is the best cosmological test.
Therefore we conclude that the signatures of the general-
ized chameleons and the early transition models are
sufficiently different to envisage the possibility of distin-
guishing different models of modified gravity using CMB
data if they were ever to be observed.

The paper is organised as follows: In the next section, we
briefly summarize models of screened modified gravity,
using the m(a), f(a) parametrization. We will also impose
local constraints on those theories. In Sec. 3 we write down
the perturbation equations and derive an analytical solution
for the baryon perturbation during tight coupling. In Sec. 4
we study the evolution of the perturbations numerically. We
conclude in Sec. 5. Details of the numerical implementation
are summarized in the Appendix.

II. SCREENED MODIFIED GRAVITY

A. Chameleon and Damour-Polyakov mechanisms

Scalar fields coupled to matter and with a long inter-
action range compared to the size of the solar system may
play a role on cosmological scales as suggested by the
discovery of the acceleration of the Universe. This would
be in conflict with with experimental tests on the existence
of fifth forces in the Solar System such as the one given
by the Cassini probe [39]. Fortunately, the scalar field
can be screened in dense environments and therefore
evade gravitational tests. This is the case for models
subject to the chameleon and Damour-Polyakov mecha-
nisms. In the following, we will use models of this type
which could have consequences on the cosmic microwave
background.

We focus on scalar tensor theories defined by the action

2
S= /d4“ _9E<1652N B (af) B V<¢>>
+ Su(w, A%(¢)g5) (1)
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where A(¢) is an arbitrary function, V(¢) is the scalar
potential and matter fields couple to the Jordan frame
metric

G = A% (D)4 (2)

where the superscript E refers to the Einstein frame and J to
the Jordan frame. In the presence of nonrelativistic matter,
the dynamics of the scalar field are dictated by the effective
potential

Verr(9) = V() + (A() — Dpm (3)

where p,, is the matter energy density. When the effective
potential has a matter dependent minimum ¢, (9, ), and if
the effective mass of the scalar field

dz eft( )
- d¢ |¢ ¢mm pm) <4)

m*(py,) =
becomes large enough to reduce the range of the scalar
interaction, the effects of the scalar field on matter are
screened [12]. This happens in models such as chameleons
where the potential is an inverse power law and the
coupling to matter

dlnA
ﬂ(pm) = mPITw |¢=¢min(/’m> <5)
evaluated at the minimum, is constant. On the contrary if
the coupling is not a constant anymore but converges to
zero when the density increases, gravity tests on the
existence of fifth forces can be evaded too [26]. This is
the Damour-Polyakov mechanism [38].

Let us first present a large class of models where the
chameleon mechanism is necessary and at play. Consistent
f(R) models are highly relevant modifications of gravity
which can serve as templates for the chameleon mecha-
nism. Indeed, they must be in agreement with local
constraints coming from gravitational tests. A way of
fulfilling these bounds is to employ the chameleon mecha-
nism in these theories. The f(R) models where the action is
given by

s= [ drmmis) G

can be written in the Einstein frame using the scalar field
defined implicitly by

R
%(R) — = 2Pb/mm (7)
where f§ = \/5 and we have
A2(¢) — e2Pb/mm (8)
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The interaction potential is

m_12>1RfR—f
2 fz

Naively, one would conclude that f is so large that these
models are excluded by gravity tests. In fact, this is not case
when the choice of f(R) is such that V(¢) is a decreasing
function ¢ and therefore V. admits a matter dependent
minimum [19]. The chameleon mechanism applies for a
wide range of models, such as [20,21]

V(g) = ©)

f(R) = k + %log [cosh(aR) — tanh(b) sinh(aR)],

2
Ci (R/mz)"

These models are excellent templates to study modified
gravity in the late time universe. In particular, in the limit of
large curvature, the second model behaves as

IR, Rg“
T

—A+R-

f(R) (10)

We will later relate this model to a screened scalar field
model via a tomographic map discussed below.

The string dilaton [40,41] at strong coupling is an
example where the Damour-Polyakov is at play

V($) =
AB) =1+5%

Vo e—(/’/mpl
(45 $.)? (11)

and A, > 0 to guarantee that the field converges to ¢, in
dense environments where the coupling to matter vanishes.
Another family of such models are the symmetrons [22]
where V(¢) is a symmetry breaking potential where the
symmetry is restored at the origin and broken for ¢ = ¢gyp,.
When the function

A = 14554 (12)

Mmp,

is chosen, with A, > 0, the symmetry is restored in dense
environments and broken in vacuum. All in all, we see that
a variety of screened modified gravity models have been
described using various functional forms for V(¢) and
A(¢) which corresponds to field dependent couplings to
matter

(13)

In fact a tomographic method has been devised where all
these models can be captured by the sole time dependence
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of the coupling function f(a) and the mass m(a) at the
cosmological minimum of the effective potential as a
function of the cosmological scale factor a [36,37]. We
will use this versatile approach explicitly in the following.

B. Einstein vs Jordan frames

Before moving on to the description of the effects of
early modifications of gravity on the CMB, we briefly
comment on the Einstein frame (used in this paper) and its
relation to the Jordan frame. When studying the growth of
structure or the CMB, one needs to describe the cosmo-
logical perturbations of the models (for a thorough descrip-
tion of the cosmological perturbation theory in these
models, see [42]). This could be equivalently achieved
using the Jordan or the Einstein frame. For studies of
structure formation in modified gravity theories, working
effectively in the Jordan frame, see [43,44] and references
therein.

In the Einstein frame, the Einstein equation is not
modified and for a single scalar field, no anisotropic stress
is generated by the scalar field. This follows immediately
from the Einstein equations. The metric perturbations can
be described in the conformal Newtonian gauge where the
metric reads

dst = az(n)(—=(1 +2Wg)dn* + (1 = 285)dx?).  (14)

In the case of vanishing anisotropic stress, Einstein’s
equations give WYy = ®;, which is valid in the
Einstein frame. The Jordan frame metric is related to the
Einstein frame metric via a conformal transformation as
in Eq. (2).

Writing

ds? = ai(n)(—(1 +2V,)dnp* + (1 —=2®,)dx?), (15)
one can easily show by perturbing (2) that (see also [45,46])

dlnA

U, =V —95
J ET+ ¢ .
dlnA
O, = oy — 6. 16
= o= D0y (16)

Thus, if for example in the Einstein frame the anisotropic
stress is zero, then ®p = W, but in the Jordan frame
U, —-d, = 2,62—‘1’1, with f# defined in (13). We emphasise
again that both frames are on the same footing (at least
classically) and the calculations can be done in either
frames.

In the following, we will consider the cosmological
perturbations of the models. A convenient choice to
describe the perturbation is the Einstein frame where we
have only one metric perturbation ® in the absence of
anisotropic stress and one scalar perturbation coming from
the scalar field. In the conformal Newton gauge, the scalar
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perturbation can be conveniently represented by the per-
turbation of the scalar field §¢. Other choices such as the
Mukhanov-Sasaki variable could have been taken. It turns
out the choice of §¢ is more easily implemented numeri-
cally. In the numerical applications, we always consider
two Newtonian potentials &z and ¥, as the total aniso-
tropic stress does not always vanish,' for instance in the
presence of neutrinos.

C. Scalar models

As already mentioned, we are interested in the effects of
scalars mediating a screened modification of gravity on the
CMB and large scale structure formation. We shall work in
the Einstein frame®* where the Einstein equations are
preserved and depend on the energy momentum tensor
of the scalar field:

TZ)U = aﬂ¢ay¢ ~ 9w <% (a¢)2 + V) : (17)

We impose that matter couples to both gravity and the
scalar field via the metrics

a=b,c (18)

for each matter species. Their couplings to matter are
defined as

dIn A ()

Ba(p) = mp By

(19)

where mp? = 87zGy is the reduced Planck mass, and which
may be field dependent in dilatonic models for instance. It
is a universal constant § = \/ig in f(R) models. We will give
specific examples later using generalized chameleonic
models and models where the coupling function has a
transition before recombination.

In all the models that we will consider, the background
cosmology is tantamount to a ACDM model since BBN.
Deviations from general relativity only appear at the
perturbative level. Moreover, the effective potential for
the scalar field in the matter era is modified by the presence
of matter as a consequence of the nontrivial matter
couplings

'"The numerical results are obtained in the synchronous gauge
and we have taken into account adequately the effect of
anisotropic stress in this gauge.

We consider only models where the scalar field has a mass
much larger than the Hubble rate, implying that perturbations in
the Jordan and Einstein frames are equivalent.
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Ver(9) = V(#) + > _(Au(@) = Dpa  (20)

where the sum is taken over the nonrelativistic species and
P, 1s the conserved energy density of the fluid «, related to
the normal Einstein frame matter density by p, = pE/A,.
The potential acquires a slowly varying minimum ¢(p,,) as

= LV is larger than the Hubble

b lppy E
rate. We will always assume that this is the case in the
following. Due to the interaction with the scalar field,

matter is not conserved and satisfies

long as the mass m?

v ﬁa 2 a
D, T, = m—m(a G)T, (21)

where T’(‘;’) is the energy momentum tensor of the species «

and 7@ its trace. Notice that radiation is not affected by the
presence of the coupled scalar field. The Einstein equations
are not modified and read

1 a
Ruy =3 9uR = 872Gy (ZT,EJ + TZZ). (22)

The conservation equations and the Finstein equations are
enough to characterize the time evolution of the fields.

D. Tomography

It is convenient to introduce the total coupling
function A

A=) fiA, (23)

where f, = p,/p is the constant fraction of the species a
where p =Y p, is the total conserved energy density of
nonrelativistic matter. The total coupling f is obtained
accordingly

PA = ZfaﬂaAa' (24)

Screened modified gravity models satisfy a tomographic
description [36,37] whereby the potential V(¢) and the
coupling constants f,(¢) can be reconstructed solely from
the knowledge of the density or scale factor dependence
of the mass m(a) at the minimum of the effective potential
and the total coupling constant (a). At the minimum

v __php

b (25)

b
npy

and
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VeV Pap Ay dp
iy &y my  mpdg’

m?(a)

(26)

Differentiating Eq. (25) with respect to conformal time,

v dp dA\ ¢ pAY
e S P =l

and then using Eq. (26) we find

. 3HpA
& = #, (28)
m*(a)mpy
and so, given p = py/a’,
3 a a
)=+ 20 [* LD 4y (9)

mpy Jq, a*m*(a)

where ¢, is the field value at the minimum corresponding
to the density p(a;) and we have taken A = 1 (justified by
the constraint on the time variation of fermion masses, see
Sec. II F). Equation (25) also implies that

3p5 [ Pla)
\% =Vy——
W=V )., w(a)

da, (30)

yielding an implicit definition of V().
As an example, in the case where f, = f§ = %, one can

reconstruct the large curvature f(R) model [see Eq. (10)]
and their chameleon mechanism using

(31)

( ) 4Q0 + Qmoa_3 (n+2)/2
mia) = m —_—
'\ 4Qy + Q0

where the mass on large cosmological scale is given by

4Q Q
my = HO AO + mO’ (32)
(n+1)fg,

Qpo = 0.73, Q,,0~0.27 are the dark energy and matter
density fractions now [37]. In the following, we will present
other models defined by the tomographic map.

E. The models

When the field sits in the minimum of the effective
potential, the background follows that closely of a ACDM
model, with the evolution of V(a) =~ const given in (30).
But we will see that quite distinctive features can appear
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when the evolution of perturbations is studied. To be
concrete, we will concentrate on two models in this paper,
which we will now describe.

1. Generalized chameleons

In our first model the scalar field mass and the couplings
to baryons and dark matter evolve effectively like power
laws in the scale factor,

m(a) = moa™",

ﬁa(a) = ﬂOaa_b' (33)

Such a model corresponds to generalized chameleons
[36,37]. Setting p >3, b=0 and S, = o = 1/V6,
one recovers the large curvature f(R) model [36,37].

We focus here on the case b > 0, for which the
coupling to matter is very large during the tight-coupling
regime but smaller at later times. As we shall discuss
in Sec. II G, the local tests will impose different constraints
on my and f, for different combinations of the exponents
p and b. One also requires p >3/2 during the
matter dominated era, and p >?2 during the radiation
era, so that the scalar field mass is always much larger
than the Hubble rate, guaranteeing a ACDM background
expansion.

2. Transition in

The second model we consider is where the Universe
undergoes a smooth but rapid transition from an epoch of
strong coupling between the scalar field and matter to one
when the coupling is small and has negligible effect on the
growth of perturbations [47,48]. Using the tomographic
maps allowing one to reconstruct V(¢) and f(¢), one finds
that the potential is an inverse power law both before and
after a transition point ¢, where the potential decreases
abruptly. The effective potential, both before and after the
transition, has a minimum with a large mass where the field
gets trapped. Dynamically, the field undergoing the tran-
sition jumps from the minimum before the transition to the
minimum after the transition where it will oscillate a few
times before being rapidly (the amplitude decreases like
a=3/?) stuck at the minimum again. We will neglect these
decaying oscillations in the following and assume that the
field tracks the minimum at all times (for a similar type of
phenomenon, see the thorough analysis of the transition in
[25]). In order to satisfy the constraints imposed by local
tests we are considering very high masses and this will
ensure that the field remains close to the minimum through
the transition.

We can parametrize this behavior with the function

en(@) = o+ 50 [1 4 oh(Clas = @), (34

PHYSICAL REVIEW D 89, 123507 (2014)

where the parameter C controls the duration of the
transition. We choose the effective mass of the scalar field
to evolve like a power law

m(a) = mya™". (35)

By setting the transition prior to last scattering, we ensure
that all the effects on the CMB angular power spectrum and
on the matter power spectrum are mainly caused by the
modification of gravity before recombination. Note how-
ever that the linear perturbations at recombination, which
can be used as initial conditions for the growth of the
matter perturbations, are modified and thus can lead to a
different evolution compared to the ACDM model, even if
there is no direct effect of modified gravity on the growth of
structures. For the parameters we have considered, values
of By < 10™*my/H, do not lead to any visible modification
in the growth of perturbations after last scattering. Since we
are considering rather high masses this means a strong
coupling even up to the present epoch is not ruled out.

F. BBN constraint

In all the models that we consider the masses of
fundamental particles vary as

ml// = A(¢)mbare’ (36)
where my,,. is the bare mass appearing in the matter
Lagrangian. The measurements of primordial light element

abundances place a tight constraint on the time variation of
fermion masses since BBN [49-52]

—v_"C <ol (37)

Therefore we must require that A ~ 1 since BBN. Using
(19) and (28) we get

dA 3p%p

[N N B
da am mg

(38)

and so

a 2
AA =9Q,,  H? / ’ mgia <01 (39)

For chameleon models this is

2p-2b-3 2p—2b-3
9Qm,0H(2)ﬁ(2) (a()p — aB}l;N ) <0.1 (40)
m2 2p-2b-3 T

For the case 2p —2b — 3 > 0 this yields
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ﬂ0< 2p—2b—3 ]/2<

Po o (2P0~ > O(103) Mpc, 41
while for 2p —-2b6-3 =0

o < (909, 0H3In10%)~1/2
my

< O(10%) Mpc. (42)

However if 2p —2b — 3 < 0 we find

Bo _ (12p=2b=3]\172
mON 9Qm.OH%

O( 6+9 Zp —2b-3) > MpC (43)

9(2p—2b-3)-1
3

which results in a much tighter constraint on Z—((’) than that
coming from the local tests.
For the model with a transition in £ the constraint is

9Q,0HG
m% (2p _ 3) ni
(44)

We shall only consider cases where 2p —3 > 0 so that

9Q,, o H}f: 2p-3 <
—————m 0.1, 45
m0(2p 3) atrans ~ ( )

and if we let @y, = 107" we find

- _ 12
@< 2p-3 / 10252 <(')( 103+(p= )) Mpc.
mg ~ 9Qm70H(2) ~

(40)

Typically, we will see that this constraint is superseded by
the local constraints.

G. Local tests

We will now examine the constraints on our two
models coming from local tests of gravity. We focus on
three tests which can yield strong constraints on screened
models. The first comes from the requirement that the
Milky Way should be screened in order to avoid large,
disruptive effects on its dynamics [6,7]. The second is the
laboratory tests of gravity involving spherical bodies which
should not feel a large fifth force [5,53]. The last one
follows from the lunar ranging experiment [8—11] which
looks for violations of the strong equivalence principle,
and which turns out to be the strongest constraint for the
models we have chosen.

(ah? —aghd) + B(ag” ™ — aphn )] 0.1
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The screening condition is a simple algebraic relation

|¢in - ¢out| < 2ﬁoutrrLPl(I)N’ (47)

where @ is Newton’s potential at the surface of a body
and ¢y, oy are the values of the field inside and outside the
body. Using the tomography equation (29), we find the
relation

|¢m ¢out| i/a"“‘ ﬂ(a) ( )da, (48)

Mpy mpy

where a;, o, are defined by p(diyou) = Pinow This con-
dition expresses the fact that the effective modification of
Newton’s constant felt by an unscreened body in the
presence of a screened object due to the scalar field goes

from 23> to 2/3° Ig'/;,j;‘/’(g“l When two screened bodies such as

the moon and the earth fall in the gravitational field of the
sun, the scalar field induces a relative acceleration between
them which is measured by the square of their scalar
charges

| ¢1n ¢0ut |

mp Py

0= (49)

and the lunar ranging experiment requires that the earth’s
charge Qg < 1077 where ¢g ~ 107°.

For the Milky Way, the density inside the galaxy is
typically 10° times the cosmological matter density now,
i.e. ag ~ 1072, The value outside the galaxy is the cosmo-
logical one (if it is in a dense cluster then a,,; < 1 and the
screening condition is less stringent) so the screening
condition reads

|¢G_¢O|_i @ f(a)

Ly _ml%l ag amz(a)

pla)da < 2P (50)

where ®; ~ 107, For the generalized chameleon model,
this is

98,060 Hj

(a2
(2p —b—3)m}

— a7 <2B6®g. (51)

When 2p — b — 3 < 0, the contribution from a; dominates
and one gets

2
@>A 2p— 3>(’) 106-22p-3) 52
H2™212p + b - 3| © (1 ) (52)

If on the other hand 2p — b — 3 > 0, the contribution from
ap dominates and, setting a, = 1 as usual, one has
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9meO

>
~202p—b-3)dg "~

> O(109). (53)

T| 3
SO

For the transition model with a,,; < ag, one gets a similar
constraint,

2
My %o o 506 54
2~ 2(2p - 3)3g < P10 (54)

which is independent of the value of f.

Tests of gravity in cavities involve spherical bodies of
order 10 cm, with a Newtonian potential of order ®, ~
10727 and a density p. ~ 10 g [14]. This density is of order
of the cosmological density just before BBN when the
scalar field must have settled at the minimum of the
effective potential. Outside, in the cavity, the scalar field
takes a value such that its mass is of order mg,,L ~ 1
corresponding to a scale factor ag,, = (Lmg)'/?. The
constraint reads

2
mpy mepy Ja

[e = Peas] _ 3 / ai (fz)a)p(a)da <26 P, (55)

which for the chameleon model with 2p —b -3 > 0 is

2p—b-3
9Qm0 Acay

_0 Rt 102
H2 R 20, 2p—b — 3 % 0(10%). (56)
For the transition model we find
2 _9Q,0 aib”’
0 > Zom0 G 0 (108), (57)

H2™Y 20, 2p-37

which is a tighter constraint than that coming from the
screening of the Milky Way.

A much more stringent condition follows from the lunar
ranging experiment,

9 _p(a)

mil%l a, am?®(a)

pla)da < QgPg, (58)

where Qg®q ~107!¢ and a, is associated with the
densities inside the earth. For the generalized chameleon
model the case 2p — b — 3 < 0 leads to

m(z) > 9Q,,060

2p—b-3
— = ac . 59
H5 ™ 2p = b —3|0gPg 39)

Since a,. < 1, considering values for which 2p — b — 3 <
—1 implies an extremely stringent constraint on the ratio
m3 /P, that precludes any visible cosmological signature
of the model. We therefore focus on the opposite case
2p — b —3 > 0 for which one gets
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2 2p—-b-3

mg o 92,060 ag > 5 O(1016-22p—b-3)

— 10 P . (60

For cases where iy ~O(1), b =0 and p = 3, the lunar
ranging bound on m,, is weaker than the constraint from the
Milky Way. For the transition model, assuming a,,s < dg
and 2p — 3 > 0, the condition is

= 9Q,0B: s -

atrans 2p %O 1016 61
Q®¢® 2p 3 ~ i [rﬂnq ( ) ( )
For the case p = 3, f; = 10'3 and z,,,,, = 1090, this gives
the constraint m, > 10'1°H,,.

III. PERTURBATIONS

In this section, we study the evolution of perturbations
with analytical methods, to gain an understanding of the
physics involved. From now on we will work in natural
units where 827Gy = 1. We are interested in the first order
perturbations of the Finstein equation and the conservation
equations. In the absence of anisotropic stress, the metric
can be described in the conformal Newton gauge

ds> = a*(n)(—(1 +2®)dn* + (1 —2®)dx?),  (62)

where ® is Newton’s potential. In this gauge the relevant
Einstein equations are (in Fourier space)

¢/2 ¢/
- a2 <(12¢) — ?5¢/ - V,4)6¢

(63)

K® + 3H(P' + HP)

and

(P +HO) = a®> (14 w,)0, + Kd/sp,  (64)

where 6p, = pES, is the Einstein frame density perturba-
tion. The Hubble rate is H = a’/a and the equation of state
of each species is w,. We have defined the divergence of the
velocity field of each species @ = 9;v'. The perturbed
Klein-Gordon equation reads

5¢” + 2H5¢, + (k2 + QZV’¢¢)5¢ + 2@612 Vﬁffsd’ - 4@’45’

+ @ (Bebpe + Budpp) + @ (BeypE + Py ypy )00 = 0.
(65)

We now consider the perturbation equations in CDM,
baryons and radiation. The conservation equation for CDM
leads to the coupled equations
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6 =—(0c = 3%) + f.y9'6¢ + po¢'.  (66)
and
0. = —HO. + kK*® + k*B.5¢ — p.¢'0... (67)
For the baryons we get
0, = =0, + 30" + p, y¢'5¢p + 1,64, (68)
and
0 = =HO, + (0, = 0,) + 0 + B3¢ = fyp'0,,

(69)

where we have added the interaction term to account
for the coupling to photons via Thompson scattering
and R = 3p} /4p,.

The Thompson scattering cross section depends on the
electron mass m, which is field dependent due to the
conformal rescaling of the metric, i.e. m, is proportional to
Ay (). However, since the scalar field tracks the minimum
of the effective potential, the time variation of the electron
mass in one Hubble time is suppressed by O(%f) < 1 and
can therefore be neglected.

To describe the photons we shall work in the fluid
approximation and since the Boltzmann hierarchy is not
altered by the presence of a scalar field we have

8, =

4
| = =30, + 4% (70)

and

k2
0, :Zéy + k2® + an,o7(6, — 6,). (71)
We also need to specify the initial conditions for all
the perturbations. We will be interested in modes which
will enter the horizon before radiation-matter equality.
|

~ 9Q, 3 RH> > 5
k2 + aZV’M + 3H2(ﬁc,¢9c + ﬂb,qﬁgb)

& + 2K (1

This can be simplified by introducing

PHYSICAL REVIEW D 89, 123507 (2014)

Adiabatic initial conditions are determined by &. = &,
250 and §), = —3 P,

On subhorizon scales and neglecting the time variation
of ¢, the equations simplify:

5. =-0,. (72)
0. = —HO, + K® + kB8 (73)
8, = —6), (74)
0, = —HO, + 7L (6, - 6,) + K2 + f,k25h,  (75)
4
8, =—-0, (76)
3
k2
055, 0 anrle,-0). (1)

To leading order in the tight-coupling approximation
an,op — oo which implies 6, ~0,, and therefore the
photon and baryon density contrasts are linked by
8, ~35,. This leads to

R’ R
=5 — k225, — k2D —
(1+R)" b (1+R)

//
b

Prk*56,
(78)

where ¢, = 1/4/3(1 + R) is the standard sound speed. The
Klein-Gordon equation in the subhorizon limit is

/))C(spc + ﬁb5pb
. .
% + Vg + Beypt + Boypl

5 = - (19)

Using this and approximating the Poisson equation with
2i*® = —a?8p,., and then defining &, = (14 R)~'/28
yields

5:

5+(1+R)1/2(1+

2pP R
— k2 1/2 b c
k (1 + R) <1 + | N “2V~¢¢+3H2(ﬁc.t/IQcJF/jh.(/,Qb)R n 1><I)
kZ
(80)
zﬂhﬂc R P
IR . (81)
a V-¢¢+3H (ﬂc.tﬁgc‘f’/jhd,gb) R + 1 62
1 + k2 N
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where the effective speed of sound is

2o a1 90, I )
o K2+ a*V gy + 3H (e g Qe + Bo <)
(82)
This leads to
8 +K2c2% =0, (83)
and using the WKB method the solution is
5= E;l/zB cos k7, (84)

where B is set by the initial conditions and 7(17) = [ ¢,dn
is the modified sound horizon. We can relate this to back to
the baryon perturbation,

1)
S =—
T (1R
2/3b/30 R P
_ (1 + 1+ Vg P31 Bog@e Prg@) R 1 1 Z’_% (85)
@ :

We should note that the WKB approximation is only
valid if the time variation of ¢, is smooth. This will be
violated for a short period in the models with a
transition in f.

As implied above the evolution of the Newtonian
potential before last scattering is dominated by that of
the CDM perturbations. Equations (72) and (73) therefore
lead to the growth equation for CDM

3
5’;+H5’C—2HZQC<1 +

2% 5
1 +a2v_¢¢+3H2(Z;¢QC+/Jh,¢Q,,) ¢

:37{2S2bl;hlgc
a"’V(¢¢+3H2(ﬂ;¢ﬂ(,+ﬂb.¢gb) 517 - 0 (86)
k

1+

As noted in [42] we can identify three possible sources of
modification to the CMB angular power spectrum. These
are the modified sound horizon which could cause a shift in
the peak positions, the modified evolution of the Newtonian
potential due to anomalous growth of the CDM perturba-
tions, and an extra contribution to the growth of the baryon
perturbations proportional to ® and the couplings to both
baryons and CDM.

IV. NUMERICAL RESULTS: CMB
ANGULAR POWER SPECTRUM AND
MATTER POWER SPECTRUM

We have implemented the linear perturbation dynamics
for two models of screened gravity within a modified

PHYSICAL REVIEW D 89, 123507 (2014)

version of the cAMB code [54]. The details of the
modifications that were required are given in the
Appendix.

A. Transition in g

For the transition model we observe deviations from
ACDM in both the CMB angular power spectrum and the
matter power spectrum which increase with increasing
Pi/my. Keeping the ratios f;/mg and fy/m( constant (with
the other parameters fixed) results in identical effects. In the
CMB the nature of the deviations varies with / and there
are alternating periods of enhancement and reduction of
power. We see no shift in the positions of the peaks (see
Figs. 1 and 2). This is because the sound horizon is virtually
unchanged. Consequently there is also no shift in the
position of the baryon acoustic peaks in the matter power
spectrum.

The exact effects of the transition model on the angular
power spectrum are different depending on when the
transition occurs. In Fig. 3 we illustrate this with 4 different
transition redshifts. For a transition at last scattering
(Zans = 1090) we see clear oscillations in the relative
difference of the C;’s whose amplitude increases with
increasing [. This corresponds to enhanced amplitudes of
the odd peaks and troughs and reduced amplitudes of the
even peaks and troughs as can be seen in Fig. 1. For
B:/my =5 x 10° Mpc the deviations exceed the percent
level. In the cases Zzy,,s = 3000 and z,,, = 5000 we see
apparently periodic alternation of enhancement and reduc-
tion of power. Increasing the transition redshift lengthens
these periods. This can be seen in Fig. 2 which shows that
for zy.s = 3000 two consecutive peaks are enhanced. On

10

1
1000 1100 1200 1300 1400 1500 1600
|

FIG. 1 (color online). CMB angular power spectra of the
transition model with Zy,,s = 1090 and B;/mg = 5 x 10° Mpc
(red/grey) and a ACDM model (black), zooming in on the 4th and
5th peaks.
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29
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FIG. 2 (color online).
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CMB angular power spectra of the

transition model with zy,,, = 3000 and f;/my, =5 x 107 Mpc
(top red line) and a ACDM model (bottom black line), zooming in
on the 5th and 6th peaks.
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average the deviations are greater on smaller scales and the
enhancements larger than the reductions. There are also
oscillatory features within the intervals of increased and
decreased power. Values of f;/mgy =5 x 10" Mpc for
Zyans = 3000 and f;/my = 1.67 x 103 Mpc for Zzmns =
5000 produce deviations of around 1%. Finally, for z,.,,s =
10000 there is only a slight oscillating enhancement of the
relative difference for / <400 (just before the first trough)
and then a more significant reduction in power for / 2 400
with irregular oscillations in the relative difference. At
this redshift the deviations approach the percent level
for B;/my =5 x 10% Mpc.

Figure 3 also displays the relative importance of the
couplings to CDM and baryons for the effects on the CMB.
If we set f, = 0 the deviations are smaller (generally no
more than half a percent) but visible. The oscillations in
the relative difference are out of phase with those of the
P, = f. case but there is a greater similarity between the
effects for different transition redshifts than with 8, = g,.
On the other hand if we set . =0 the deviations are

0.0z

0015

001

0.005

rel. diff. in CI
o

-0.005

-0.01

-0.015

_0.02 ! L L I L
' 500 1000 1500 2000 2500

3000

x10

rel. diff. in C,
7
)

L>

L
500 1000 1500 2000

2500 3000

Relative differences between the C;’s of the transition models and that of a ACDM model. From maximal to

minimal deviations compared to ACDM, the parameters are given respectively by: #, = f.. (red), #, = 0 (blue), #. = 0 (green). Top left:
Zyans = 1090 and f;/mg =5 x 10° Mpc; top right: zy. = 3000 and f;/my =5 x 107 Mpc; bottom left: z,,,, = 5000 and

Bi/my = 1.67 x 108 Mpc; bottom right: z,..s = 10* and f;/my = 5 x 108 Mpc. For all curves fy =1, p =3 and C =

1 Oztrans .
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differences in Sy, Sh' Sc atz g andz, o

differences in Ev' Sb, Bc atz g andz,, o

" -
10 10 10
k th Mac™hy

From left to right, differences between the photon (red), baryon (black) and CDM (blue) transfer functions at

Zuans (dashed) and z; ¢ = 1090 (solid) of the transition models and a ACDM model. Top left: z,,,, = 1090 and ;/m, = 5 x 10° Mpc,
top right: Zyans = 3000 and 3;/my = 5 x 107 Mpc, bottom left: z,,,, = 5000 and f3;/m, = 1.67 x 10% Mpc, bottom right: z,,,, = 10*
and f;/my = 5 x 108 Mpc. For all curves iy = 1, p = 3 and C = 10z,,,;-

completely negligible in all cases. These results suggest
that the dominant contribution to the modified effects is the
term in Eq. (85) which contains both f. and 3, and causes
the modifications to the growth of the baryon perturbations
before last scattering.

The simplest case to understand is that of the transition
at last scattering since the evolution of perturbations is
governed by the same modified equations right up to the
creation of the CMB. In Fig. 4 we show the effect of
modified gravity on the transfer functions. Superimposed
on the oscillations in the photon transfer function that
lead to the CMB anisotropies is an enhancement of
power which increases with k. The peaks and troughs in
the angular power spectrum correspond to those in 53
(shown in Fig. 5). We see that the odd peaks, corre-
sponding to maxima in §,, are enhanced with respect to
ACDM while the even ones, corresponding to minima in
d,, are reduced. So far this agrees with what we observe
in the C;’s for the zy,,s = 1090 case. The troughs in 53

come from the zeros in 6, and so at these points the
difference with ACDM vanishes. However, as we
observed above the troughs in the C;’s are alternately
enhanced and reduced just like the peaks. We can
understand this by noting that the C; troughs, unlike
those in 5}%, are not zeros. This is because the anisotropy
at a given [ is created by many modes with wave
numbers greater than that of the principal corresponding
k mode. The biggest contribution though will come from
modes with only slightly larger k£ which explains why the
troughs preceding odd peaks are also higher and those
preceding even peaks are also lower.

When the transition occurs before last scattering the
picture is more complicated. The periods of enhancement
and reduction of power in the C;’s are different. As can be
seen in Fig. 4 the effect of modified gravity on the
photon transfer function at last scattering is no longer
positive on all scales. There are instead oscillations in the
difference with ACDM and these are out of phase with
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FIG. 5 (color online). 65 for the transition models (top red line) and a ACDM model (black, superimposed to red) at z.,,, (left column)
and z; ¢ (right column) and the magnified difference with ACDM (bottom blue line). Top: zZyans = 1090 and B;/my = 5 x 10° Mpc,
second row: Zy,,s = 3000 and f3;/mg = 5 x 107 Mpc, third row: 2., = 5000 and f;/m, = 1.67 x 103 Mpc, bottom row: z,,,s = 10*

and f;/my =5 x 10% Mpc. For all curves 8y = 1, p = 3 and C = 107y,
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those in the transfer function itself. This results in a more
complicated and unpredictable pattern of enhancements
and reductions of power on different scales in the 53
spectrum (see Fig. 5, right) and therefore the CMB. If
however we look at the photon transfer functions at
(Fig. 5, left) we see that they are always enhanced
compared to the ACDM case and the effects on 6]3 are
the same as those for the transition at last scattering. The
only exception to this is the case with z;,,s = 5000 where,
because on small scales the maxima as well as the minima
in the photon transfer function at z,,,, are negative, the
heights of the corresponding peaks in &2 are reduced.
Therefore the different effects on the CMB of the models
with earlier transitions are not the result of modified gravity
as such, but rather the period of effectively ACDM
evolution following the transition during which the per-
turbations in &, will have undergone oscillations. For
example, a mode which has a maximum in 6, at the
transition might have become a minimum by recombina-
tion. As the maximum would have been higher compared to
the ACDM case so the minimum would be lower and this
would generate an enhanced even peak in the C;’s.

As can be seen in Fig. 6 the effect on the linear
matter power spectrum is an increase of power on small
scales which is greater for higher values of f;/m. This is
due to the enhanced growth on small scales of the CDM
(and to a lesser extent baryon) perturbations before last
scattering (see Fig. 4) which occurs despite the fact that,
as a result of the very high effective mass of the field,

0.05 T

0.04

003

rel. diff. in P(K)

001

-0.01 P P
10 10 | 10 10
k th Mpc™)

FIG. 6 (color online). Relative differences between the matter
power spectra of the modified gravity models and that of a ACDM
model. Generalized chameleon model with m, = 103, 8, = 9 x
107, p =3 and b =2 (first blue dash-dotted line). Transition
models with parameters given respectively for lines from left to
I‘lght by Ztrans — 3000 and ﬂi/m() =5x 107 MPC (blue)’ Zrans —
5000 and f;/mg = 1.67 x 108 Mpc (green), Zym.s = 1090 and
ﬂi/mo =5Xx 106 MPC (red), Ztrans = 104 and ﬁi/m() =
5 x 10% Mpc (red dashed).
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effectively all scales (k < 10'> Mpc™') are always outside
the Compton wavelength. This is because before the
transition the couplings to matter are so strong that the
factors containing f’s in Eq. (86) are still significant.
The deviations from ACDM become noticeable at lower
k values for later transitions. Roughly speaking, for
cases with ~1% deviation in the C;’s, the relative difference
in P(k) only becomes much more than 1% at about
k = 0.1h Mpc™'. One should expect nonlinear effects to
become important on smaller scales earlier than in the
ACDM model, therefore nonlinear structures on small
scales form earlier in the models we consider in this
paper.

It should be noted that for the cases shown, for which
Po = 1, the effect of the coupling after the transition is
negligible and the observed modifications to the matter
power spectrum are entirely due to the anomalous growth
before the transition at z,, after which the equations
governing the evolution of linear perturbations are effec-
tively those of a ACDM model. We also note that reducing
the value of C (while keeping the other parameters fixed),
and therefore extending the duration of the transition,
results in smaller deviations from ACDM, particularly
on smaller scales.

Compared to the constraints coming from the local tests
and the variation of particle masses, the CMB probes a
different part of the parameter space of the model. For
values of the coupling f of order of unity and masses of the
order of 1 Mpc~!, there is no effect on the CMB whereas
the parameters are excluded by lunar ranging tests.
However, if the coupling can take very large values prior
to recombination (e.g. f#~ 10'* for z,,.s ~ 10*) then the
CMB constrains the model more strongly than all the
local tests.

B. Generalized chameleons

For the generalized chameleon models we find
that for parameters satisfying the constraints given in
Secs. IIF and II G there are no visible effects on the
CMB but the matter power spectrum is affected in the usual
way. In Figs. 6 and 7 we can show results for an example
case ruled out by the BBN constraint. The enhanced growth
in P(k) on small scales is greater than each of the transition
examples but the effects on the C,’s are much smaller.
However, we also see that as the difference in the
photon transfer function is always positive the amplitude
of the peaks in 5}% is alternately enhanced and reduced
and the oscillations in the relative difference of the C;’s are
in phase with those of the model with a transition
at last scattering. This shows that the effects have the same
origin.

In contrast to the transition models, we therefore find that
the CMB does not provide complementary, additional
constraints on generalized chameleons.
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Generalized chameleon model with my = 108, 8, = 9 x 107, p = 3 and b = 2. Top: relative difference between

the modified C,’s and those of a ACDM model for the generalized chameleon model (blue line, with the less important deviations)
compared with the transition model with z,,; = 1090 (red line, most important deviations). Bottom left panel, lines from left to right:
Differences between the baryon (black), CDM (blue) and photon (red) transfer functions at z; g for the generalized chameleon and those
of a ACDM model. Bottom right: (’5% for the generalized chameleon (top red line) and a ACDM model (black line, superimposed to top
red) at z; ¢ and the magnified difference with ACDM (bottom blue line). Note that the chameleon model is ruled out by BBN constraints

and is shown for illustration only.

V. CONCLUSIONS

We have studied models of modified gravity where the
screening effects at late time and locally in the solar system
still allow for observable effects on cosmological pertur-
bations prior to the recombination era.

We have investigated two types of models: the gener-
alized chameleons with an increasing coupling to matter in
the past and a new transition model where the coupling to
matter is significantly larger before recombination com-
pared to late times. We have presented analytical estimates
and full numerical results using a modified version of CAMB
which takes into account the effects of modified gravity.
We find that even when the constraints from local tests
are satisfied the transition model can produce percent level
deviations from ACDM in the CMB angular power
spectrum and that these deviations take the characteristic
form of alternating enhancements and reductions of power.

For the generalized chameleons though it appears that
models satisfying the BBN and local test constraints cannot
leave observable signatures in the CMB. We should
emphasize that local constraints and the BBN constraints
are already quite strong constraints. The examples
we have considered here predict only small deviations
(at most a few percent) of the CMB anisotropies from the
ACDM model.

In both the transition and the generalized chameleon
models, the effective sound speed of the coupled baryon-
photon plasma is the same as it is in the ACDM model to
high accuracy. Therefore, the sound horizon is the same. As
a consequence, there are no shifts of the acoustic peaks in
the CMB or the peaks in the baryonic acoustic oscillations.
For the models we considered here, we were not able to find
an example for which the sound speed differs significantly
from the ACDM value without violating the local or BBN
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constraints. An additional consequence is that the p dis-
tortion of the CMB spectrum generated by the dissipation of
the acoustic oscillations is the same as in ACDM [47].

The effects on the matter power spectrum for both
models are the same: an enhancement of power on small
length scales (large wave numbers). On the other hand, the
predictions for the CMB anisotropy differ between the
models. Therefore it may be possible to distinguish differ-
ent models of modified gravity using the CMB.
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APPENDIX: NUMERICAL IMPLEMENTATION

CAMB solves the perturbation equations in the synchro-
nous gauge. To account for screened modified gravity it
was necessary to add the perturbed Klein Gordon equation
which, after using Eq. (26) to write V 4, in terms of the
effective mass m(a), can be written

8" + 2HSP' + (K> + a*m?* — a*p2pE —

1
+ Eh/qﬁ’ = _az(ﬂcél)c +ﬁb5pb)7

a*Bipk )50

(A1)

and also the evolution equation for 8,

6/0 =-Ho. + kleC5¢ - ﬁc¢/9w (AZ)
which, in the presence of modified gravity, is no longer
generally vanishing in the synchronous gauge. Extra terms
also had to be included in the equations for 6., §, and 9,.

Before last scattering modified gravity also introduces
new terms in the calculation of the slip, defined as 6, — @,.
In the synchronous gauge the evolution equations for 8,
and 6, are

0, = —HO, + cfhkzcsb _ ot (0, — 9;/) + fume,  (A3)
and
kZ
0, = Zéy - kzoy +an,or(6, - 0,), (A4)

where ¢, is the adiabatic sound speed of the baryons (not
to be confused with ¢2, the sound speed of the coupled
baryon-photon fluid) and we have introduced the notation
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Sve = ﬂbk25¢ - P60, (AS)

corresponding to the additional terms due to screened
gravity. During the tight-coupling regime the Thomson
drag terms in Eqs. (A3) and (A4) take very large values
making these equations difficult to integrate numerically. In
CAMB an alternative form of these equations is used which
is valid in the regime 7, < 7 and k7. < 1. In the following
we follow [55] to derive the equivalent set of equations in
the presence of screened modified gravity. The first step is
to use Eq. (A4) to write

1
(Qb - 9},)/’1'0 = —9;, + k2 <Z 61/ - UJ,) . (A6)

and then substitute the corresponding term into Eq. (A3).
One gets

a 1
9?7 — —Eﬁb + C%bk25b - RQ; + sz <Z5y - Gy) +fMG

(A7)
Then one can rewrite 6, = 6, + (6, — ¢),) in Eq. (A6), and

replace (¢, —#,) by using Eq. (A7). By defining the
functions

Tc

T=1vr (A%)
and
g= —%/Gb + ¢2,k*5, — RO, + RK* (}‘@ - Gy) + fmes
(A9)
one obtains
0 — 0, = flo— (f9)'] + O(z2), (A10)

in which the 7J terms can be conveniently neglected.
Differentiating this equation gives

f/
0y =0, =" (00 =0) + (g 1"9 =29 = g'f). (AlD)
with
1
g = —HO, = MO+ K| (c3,)' + 38, — 38, + 0

+ - (A12)
The next step involves the following trick. First, one can add
—H6, + HE, to the right-hand side of the last equation.
Then Eq. (A3) can be used to express the +H0,-term.
Finally one can rewrite —HO), = —H(6), —0,) — HO,
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and use Eq. (A4) to express the last term. After using

20 __ _ .2 :
c5, = —c5,H, one can obtain

a//
J =216, - 0) - L6,
K2 17‘[5 2H 25, 15’ !
TR\ =5 0y 2oy + C0), = 10y T 0y

HR +2H

Tc

e+ ( )(ey ~6y). (A13)

Finally, keeping only the terms in O(z,), Eq. (A11) reads

Fyuc = Bykép + pokdd’ — B,d'0, — bod" 6 — P’

a R
= pkop + pokdd’ — B¢’ 0y — Prd" 0y — P’ <_;9b + ¢2,k*8, + fMG) + T_ﬂb¢/(9b -0,),

where the last equation is obtained after using Eq. (A3).
To get an equation for ,” we can use Eq. (A3) to express
the drag term as

(Qb - 97)/Tc = —R(QZ + Heh - C?bk25b - fMG) (A18)
and then substitute this in Eq. (A4) to obtain

k2
0, = Zéy - k?c, — R(0), + HO, — 2, k*8, — fma)-

(A19)

This last equation is used at all times in CAMB with ),
determined by Eq. (A15) during the tight-coupling regime
and by Eq. (A3) otherwise.

We have also modified the source terms. These are
computed by integrating by parts the line of sight integral
giving the CMB temperature multipoles today. This is
required in cAMB for the Bessel functions to be the only
[-dependent variables in the remaining line of sight integral.
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During the tight-coupling regime 6, is obtained by
integrating

1 a 1

R
+ =0, -6)),

1+R (Al3)

which is derived directly from Eq. (A7) and in which the slip
is given by Eq. (A14).

Compared to the standard general relativistic case
we get two contributions from modified gravity. The
first is the term fyg in Eq. (Al5) and the second
comes from an additional z.(f}, + Hfmc)/(1 + R)-term
in the slip.

The derivative of fyg is given by

(A16)

(A17)

I

However, we find that modifying the source terms does
not have any visible effects on the CMB angular power
spectrum for the models and parameters we have
considered.

Finally, in order to avoid the time-consuming numerical
integration of the field perturbations at early times
when they oscillate quickly, we have introduced the
approximation

ﬁc(spc + ﬂbépb

Sp = —— (A20)
iy m* — fipk — Pipk
when the condition
1
(2 + @ = @Bpf = a*Bipf)op > |2H6P + 5 gl
(A21)

is satisfied.

123507-17



BRAX et al.

[1] A.G. Riess et al. (Supernova Search Team Collaboration),
Astron. J. 116, 1009 (1998).

[2] J. Ellis and K. A. Olive, in Particle Dark Matter, edited by
G. Bertone (Cambridge University Press, Cambridge,
2010), pp. 142-163.

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

[4] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, Phys.
Rep. 513, 1 (2012).

[5]1 E.G. Adelberger (EOT-WASH Group Collaboration),
arXiv:hep-ex/0202008.

[6] R. Pourhasan, N. Afshordi, R. B. Mann, and A. C. Davis,
J. Cosmol. Astropart. Phys. 12 (2011) 005.

[7] B. Jain, V. Vikram, and J. Sakstein, Astrophys. J. 779, 39
(2013).

[8] J. G. Williams, S. G. Turyshev, and D. H. Boggs, Phys. Rev.
Lett. 93, 261101 (2004).

[9] J. G. Williams, S.G. Turyshev, and D. Boggs, Classical
Quantum Gravity 29, 184004 (2012).

[10] J. G. Williams, S. G. Turyshev, and T. W. Murphy, Jr., Int. J.
Mod. Phys. D 13, 567 (2004).

[11] J. G. Williams, S.G. Turyshev, and D.H. Boggs, Int. J.
Mod. Phys. D 18, 1129 (2009).

[12] J. Khoury, arXiv:1011.5909.

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

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

[15] Ph. Brax, C. van de Bruck, A.-C. Davis, J. Khoury, and
A. Weltman, Phys. Rev. D 70, 123518 (2004).

[16] D.F. Mota and D.J. Shaw, Phys. Rev. Lett. 97, 151102
(2006).

[17] A.W. Brookfield, C. van de Bruck, and L. M. H. Hall, Phys.
Rev. D 74, 064028 (2006).

[18] T. Faulkner, M. Tegmark, E. F. Bunn, and Y. Mao, Phys.
Rev. D 76, 063505 (2007).

[19] P. Brax, C. van de Bruck, A.-C. Davis, and D. J. Shaw, Phys.
Rev. D 78, 104021 (2008).

[20] S. A. Appleby and R. A. Battye, Phys. Lett. B 654, 7 (2007).

[21] W. Hu and I. Sawicki, Phys. Rev. D 76, 064004 (2007).

[22] K. Hinterbichler and J. Khoury, Phys. Rev. Lett. 104 ,
231301 (2010).

[23] M. Pietroni, Phys. Rev. D 72, 043535 (2005).

[24] K. Hinterbichler, J. Khoury, A. Levy, and A. Matas, Phys.
Rev. D 84, 103521 (2011).

[25] P. Brax, C. van de Bruck, A.-C. Davis, B. Li, B. Schmauch,
and D.J. Shaw, Phys. Rev. D 84, 123524 (2011).

[26] P. Brax, C. van de Bruck, A.-C. Davis, and D. Shaw, Phys.
Rev. D 82 , 063519 (2010).

[27] T. Biswas and A. Mazumdar, arXiv:hep-th/0408026.

[28] P. Brax, C. van de Bruck, A.-C. Davis, B. Li, and D. J. Shaw,
Phys. Rev. D 83, 104026 (2011).

PHYSICAL REVIEW D 89, 123507 (2014)

[29] P. Brax, A.-C. Davis, B. Li, H. A. Winther, and G. -B. Zhao,
J. Cosmol. Astropart. Phys. 04 (2013) 029.

[30] P. Brax, A.-C. Davis, B. Li, H. A. Winther, and G.-B. Zhao,
J. Cosmol. Astropart. Phys. 10 (2012) 002.

[31] A.-C. Davis, B. Li, D.F. Mota, and H.A. Winther,
Astrophys. J. 748, 61 (2012).

[32] J.R. Pritchard and A. Loeb, Rep. Prog. Phys. 75, 086901
(2012).

[33] S. Furlanetto, A. Lidz, A. Loeb, M. McQuinn, J. Pritchard,
P. Shapiro, J. Aguirre, M. Alvarez et al., arXiv:0902.3259.

[34] S. Clesse, L. Lopez-Honorez, C. Ringeval, H. Tashiro, and
M. H. G. Tytgat, Phys. Rev. D 86, 123506 (2012).

[35] P. Brax, S. Clesse, and A.-C. Davis, J. Cosmol. Astropart.
Phys. 01 (2013) 003.

[36] P. Brax, A.-C. Davis, and B. Li, Phys. Lett. B 715, 38
(2012).

[37] P.Brax, A.-C. Davis, B. Li, and H. A. Winther, Phys. Rev. D
86, 044015 (2012).

[38] T. Damour and A.M. Polyakov, Nucl. Phys. B423, 532
(1994).

[39] B. Bertotti, L. Iess, and P. Tortora, Nature (London) 425,
374 (2003).

[40] T. Damour, F. Piazza, and G. Veneziano, Phys. Rev. D 66,
046007 (2002).

[41] T. Damour, F. Piazza, and G. Veneziano, Phys. Rev. Lett. 89,
081601 (2002).

[42] P. Brax and A.-C. Davis, Phys. Rev. D 85, 023513 (2012).

[43] G.-B. Zhao, H. Li, E. V. Linder, K. Koyama, D.J. Bacon,
and X. Zhang, Phys. Rev. D 85, 123546 (2012).

[44] R. Bean and M. Tangmatitham, Phys. Rev. D 81, 083534
(2010).

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

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

[47] C. van de Bruck and G. Sculthorpe, Phys. Rev. D 87,
044004 (2013).

[48] P. Brax and P. Valageas, Phys. Rev. D 88, 023527
(2013).

[49] K. A. Olive and M. Pospelov, Phys. Rev. D 77, 043524
(2008).

[50] P.F. Bedaque, T. Luu, and L. Platter, Phys. Rev. C 83,
045803 (2011).

[51] J.C. Berengut, V. V. Flambaum, and V. F. Dmitriev, Phys.
Lett. B 683, 114 (2010).

[52] S. Nesseris and A. Mazumdar, Phys. Rev. D 79, 104006
(2009).

[53] E. G. Adelberger, B.R. Heckel, and A.E. Nelson, Annu.
Rev. Nucl. Part. Sci. 53, 77 (2003).

[54] camB Code Home Page, http://camb.info/.

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

123507-18


http://dx.doi.org/10.1086/300499
http://dx.doi.org/10.1142/S021827180600942X
http://dx.doi.org/10.1142/S021827180600942X
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://arXiv.org/abs/hep-ex/0202008
http://dx.doi.org/10.1088/1475-7516/2011/12/005
http://dx.doi.org/10.1088/0004-637X/779/1/39
http://dx.doi.org/10.1088/0004-637X/779/1/39
http://dx.doi.org/10.1103/PhysRevLett.93.261101
http://dx.doi.org/10.1103/PhysRevLett.93.261101
http://dx.doi.org/10.1088/0264-9381/29/18/184004
http://dx.doi.org/10.1088/0264-9381/29/18/184004
http://dx.doi.org/10.1142/S0218271804004682
http://dx.doi.org/10.1142/S0218271804004682
http://dx.doi.org/10.1142/S021827180901500X
http://dx.doi.org/10.1142/S021827180901500X
http://arXiv.org/abs/1011.5909
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.70.123518
http://dx.doi.org/10.1103/PhysRevLett.97.151102
http://dx.doi.org/10.1103/PhysRevLett.97.151102
http://dx.doi.org/10.1103/PhysRevD.74.064028
http://dx.doi.org/10.1103/PhysRevD.74.064028
http://dx.doi.org/10.1103/PhysRevD.76.063505
http://dx.doi.org/10.1103/PhysRevD.76.063505
http://dx.doi.org/10.1103/PhysRevD.78.104021
http://dx.doi.org/10.1103/PhysRevD.78.104021
http://dx.doi.org/10.1016/j.physletb.2007.08.037
http://dx.doi.org/10.1103/PhysRevD.76.064004
http://dx.doi.org/10.1103/PhysRevLett.104.231301
http://dx.doi.org/10.1103/PhysRevLett.104.231301
http://dx.doi.org/10.1103/PhysRevD.72.043535
http://dx.doi.org/10.1103/PhysRevD.84.103521
http://dx.doi.org/10.1103/PhysRevD.84.103521
http://dx.doi.org/10.1103/PhysRevD.84.123524
http://dx.doi.org/10.1103/PhysRevD.82.063519
http://dx.doi.org/10.1103/PhysRevD.82.063519
http://arXiv.org/abs/hep-th/0408026
http://dx.doi.org/10.1103/PhysRevD.83.104026
http://dx.doi.org/10.1088/1475-7516/2013/04/029
http://dx.doi.org/10.1088/1475-7516/2012/10/002
http://dx.doi.org/10.1088/0004-637X/748/1/61
http://dx.doi.org/10.1088/0034-4885/75/8/086901
http://dx.doi.org/10.1088/0034-4885/75/8/086901
http://arXiv.org/abs/0902.3259
http://dx.doi.org/10.1103/PhysRevD.86.123506
http://dx.doi.org/10.1088/1475-7516/2013/01/003
http://dx.doi.org/10.1088/1475-7516/2013/01/003
http://dx.doi.org/10.1016/j.physletb.2012.08.002
http://dx.doi.org/10.1016/j.physletb.2012.08.002
http://dx.doi.org/10.1103/PhysRevD.86.044015
http://dx.doi.org/10.1103/PhysRevD.86.044015
http://dx.doi.org/10.1016/0550-3213(94)90143-0
http://dx.doi.org/10.1016/0550-3213(94)90143-0
http://dx.doi.org/10.1038/nature01997
http://dx.doi.org/10.1038/nature01997
http://dx.doi.org/10.1103/PhysRevD.66.046007
http://dx.doi.org/10.1103/PhysRevD.66.046007
http://dx.doi.org/10.1103/PhysRevLett.89.081601
http://dx.doi.org/10.1103/PhysRevLett.89.081601
http://dx.doi.org/10.1103/PhysRevD.85.023513
http://dx.doi.org/10.1103/PhysRevD.85.123546
http://dx.doi.org/10.1103/PhysRevD.81.083534
http://dx.doi.org/10.1103/PhysRevD.81.083534
http://dx.doi.org/10.1103/PhysRevD.76.084039
http://dx.doi.org/10.1103/PhysRevD.76.084039
http://dx.doi.org/10.1088/1475-7516/2013/10/040
http://dx.doi.org/10.1088/1475-7516/2013/10/040
http://dx.doi.org/10.1103/PhysRevD.87.044004
http://dx.doi.org/10.1103/PhysRevD.87.044004
http://dx.doi.org/10.1103/PhysRevD.88.023527
http://dx.doi.org/10.1103/PhysRevD.88.023527
http://dx.doi.org/10.1103/PhysRevD.77.043524
http://dx.doi.org/10.1103/PhysRevD.77.043524
http://dx.doi.org/10.1103/PhysRevC.83.045803
http://dx.doi.org/10.1103/PhysRevC.83.045803
http://dx.doi.org/10.1016/j.physletb.2009.12.002
http://dx.doi.org/10.1016/j.physletb.2009.12.002
http://dx.doi.org/10.1103/PhysRevD.79.104006
http://dx.doi.org/10.1103/PhysRevD.79.104006
http://dx.doi.org/10.1146/annurev.nucl.53.041002.110503
http://dx.doi.org/10.1146/annurev.nucl.53.041002.110503
http://camb.info/
http://camb.info/
http://dx.doi.org/10.1086/176550
http://dx.doi.org/10.1086/176550

