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Abstract

An estimate to possible modifications to the growth of structure at very large scales according to cosmological
observations different to direct measurements of LSS is derived. In order to do so, we construct and constrain the
Effective Scalar-Tensor theory (EST) which arises as a phenomenological setup for modified theories of gravity as a
first approximation in the very large scales limit where non-linearities are negligible. Estimates of the EST param-
eters are made using observations of the CMB from Planck and WMAP9(pol), along with other complementary
data which lead to an indirect determination of the growth rate of LSS. It is assumed that the growth behaves as a
general power law 1 = po(1 + ra®) which is one-to-one mapped to an specific effective scalar-tensor theory defined
by w(a) = m a™ where m = 1/2rpuy and n = —s. We derive a 1o constraint for the exponent n = —0.47f8:i% and
m = 50.1 +11.2 or m > 3.2 x 103 according to measurements of the CMB anisotropies from Planck and comple-
mentary data from BAO and HST. The result suggests two possible regimes where modifications of the growth may

be detected in redshift surveys: 1) ﬁ —1<6.2x 1073¢%V404 and 2) ﬁ —1=10"2£0.089 x *47+047
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Introduction

The large-scale structure of the universe is ex-
pected to be observed with unprecedent accuracy
by the next generation surveys. These observations
will provide a whealthy source of data to probe
the relationship between matter overdensities and
the geometry of space-time quantified by the grav-
itational potentials. Any metric theory of gravity
predicts a specific form for this reltionship. These
predictions for alternative theories of gravity de-
part from those of the standard model based on
General Relativity. Therefore, this upcoming data
will allow us to estimate the viability of a variety
of theoretical prescriptions of gravity inlcuding the
standard model.

A usual way to handle these generic modifica-
tions of the growth of structure within linear per-

turbation theory is to parametrize the standard
equations describing the dynamics of sub-horizon
perturbations in the Newtonian-Conformal gauge
in the quasi-static limit. As explained in (Song
et al., 2010; L. Pogosian & Zhao, 2010; Hojjati
et al., 2012), such parameterizing functions are re-
lated to the growth of structure and other observ-
able quantities. If we were able to measure them
at every scale and redshift, we would determine
a specific theoretical model to describe LSS inho-
mogeneities. However, such task is difficult if not
impossible so far. A more feasible option would be
to reduce the space of models by taking a wide set
of parametric models based in a particular modi-
fied theory. Therefore, the huge task determining
two free functions is reduced to estimate parame-
ters. Within the context of models where gravity
is modified at large scales aiming to predict the ex-
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pansion of the universe, a general phenomenologi-
cal setup has been proposed by Song et al. (Song
et al., 2010). In that work they consider models in
which the modification of gravity is achieved by a
scalar field coupled to the metric. They assume a
massless scalar and they neglect self interactions
at linear scales since they only play the role of
screening the scalar at small scales, though they
may still have considerable effect at large scales
this only happens due to non-linear effects. At the
end they get the set of Bergmann-Wagoner scalar-
tensor theories (Bergmann, 1968). The starting
point of this work is indeed such phenomenological
setup, an extra simplification we make is to con-
sider a power-law functional form of the growth,
the reason of doing this is that its form in the stan-
dard model behaves as a very specific power law
given by Q%6 (Dodelson, 2003; Peebles, 1993), so
that it is reasonable to consider a generic power-
law. What we get at the end is a particular form for
the theory free function w(¢(a)) given by a power
law of the scale factor as well. We dub such partic-
ular subset of the Bergmann-Wagoner scalar-tensor
theories the effective scalar-tensor theories (EST).
Thus, we identify a one-to-one mapping since any
specific form of the growth corresponds to a specific
function w(¢(a)) which uniquely defines a particu-
lar EST. This correspondence between the growth
and the parameters of gBDT is very useful since it
allows us to indirectly derive constraints to growth
by using constraints of the parameters of EST and
viceversa.

The main goal of this work is to derive an es-
timate for possible modifications of the growth by
using estimations of the parameters of EST by us-
ing cosmological observations different to direct ob-
servations of L.SS. We study the cosmological the-
oretical predictions of EST in order to figure out
observational signatures leading to test the theory
with sensible data. We sample the parameter space
of EST in order to compute the likelihood function
corresponding to recent CMB observations from
Planck and other complementary data. This allows
us to estimate the range of values of the EST pa-
rameters allowed by recent observations and hence
to derive indirectly a bound for possible modifica-
tions of the growth allowed by these datasets.

This paper is organized as follows, in section

Lif no anisotropic stress at late times is assumed to exist.
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2 we review the construction of EST from the
phnomenological setup first proposed by (Song
et al., 2010). In section 3 we study the EST
model for a perturbed flat FRW universe with
standard AC' DM matter-energy content. We anal-
yse some cosmological predictions either from the
background evolution and for perturbations in or-
der to figure out qualitatively the extent of sensi-
tivity of the observables to the parameters aiming
to single out possible detectable effects. In section
4 we present methodology and technical aspects of
the bayesian analysis we carried out. In the fifth
section we present and discuss the results. Finally,
we make our conclusions at section 6.

2. A Phenomenological Setup for Modi-
fied Gravity

In order to understand the evolution of inhomo-
geneities at small scales it suffices to study the dy-
namics of sub-horizon perturbations in the quasi-
static limit which is fully described by the New-
tonian prescription. In order to describe the ge-
ometry of this perturbed universe we use the per-
turbed Friedmann-Robertson-Walker metric in the
Newtonian-Conformal gauge

ds? = —(1420)dt* + a(t)*(1 4 2)8;;dx'dx?, (1)

where ® and ¥ correspond to the gauge invari-
ant Bardeen potentials which represent the gravita-
tional potential in the Newtonian limit. The scale
factor a(t) quantifies the expansion of the universe.
In order to take into account possible modifications
to the growth of sub-horizon perturbations usually
some undetermined functions n and @ are intro-
duced as follows !

E*® = 4nGna*Q(a, k)pmAm,
& 4+ n¥ =0, (2)

n(a, k) and Q(a,k) are free functions of the scale
factor and the wavenumber and are directly related
to observable quantities at different epochs and
scales. On one hand, measurements of the New-
tonian potential ® ( and then @) can be obtained
directly from galaxy distribution, however this is
difficult due to the bias of galaxies. On the other



hand, weak lensing and Integrated-Sachs-Wolfe
(ISW) effect are sensitive to 25 ~ %(1 +n7Y
which is an unbiased quantity. Additionally, pecu-
liar velocities are proportional to W ~ @ In prin-
ciple, @, > and 1 might be constrained in a model-
independent way, however a quite large number of
degrees of freedom are to be determined with a
very small amount of observational data. So we
are forced to abandon the fully model-independent
approach and instead we can use a wide set of para-
metric models. Regarding to physically viable the-
ories in which a modification of gravity is accom-
plished by an scalar degree of freedom ¢ = ¢+ d¢,
the Hordenski theory (HT) represents a large class
of this kind. Because we are focusing on the lin-
ear regime, it is reasonable to to pick the subset of
HT whose perturbation §¢ tend to that within the
Brans-Dicke theory at large scales, as prescribed by
the reduced Horndeski theories (RHT) proposed at
(Avilez & Skordis, 2014).

In first place, it is well known that, at the level of
the background, there exists a degeneracy between
AC' DM and other models like DGP, Galileons, etc.
since all of them predict considerably well the ob-
served expansion of the universe. Thus a differ-
ent kind of phenomena is needed to break down
this degeneracy. For instance, observations of the
dynamics of coherent sub-horizon linear perturba-
tions. In the limit mentioned above, the equations
for the HBDT describing their dynamics reduce to

d-TU = &6,
2

k
47TGNa2pm5m + ?Mﬁ,

—87G NG pmbm — L(59), (3)

o =

(2w + 3)k%5¢p =
where w corresponds to the Brans-Dicke param-
eter, p, and d,, are the matter background den-

sity and the density contrast of matter respectively,
with

1(66) = M25¢+/%5(k—(k1+k2))
X M(kl,kg)éqb(kl)(sqb(kz)

The M parameter controls the extent of self-
interaction of the scalar degree of freedom of grav-
ity. These interactions are important only at the
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non-linear regime at very small scales, however
they are not relevant for linear cosmological per-
turbations. It is important to point out that ef-
fectively Gn and w can be functions of the scale
factor.

From the previous equations we can obtain ana-
lytically n and @

2 + 2w + M?%a? /k?
Q(k,a) = 2 2/ 2
3+ 2w+ M2a?/k
2+ 2w + M?a?/k?
77(]97@) = 2 9 7/1.2°
4+ 2w+ M?2a?/k
Q
wlk,a) = —.
(k,a) )

Though it sounds obvious, we want to state clear
that the parameterizing functions reduce to one in
the case of GR. For EST there are two ways to re-
cover GR:w > 1or M,:fQ > 1. From the previous
equations we can notice that because ¥ = 1 either
the ISW effect and the lensing potential remain the

same as in GR.

On one hand, it is a well known result in GR
that po ~ Q%55 (Dodelson, 2003; Peebles, 1993).
On the other hand we only expect small deviations
from the GR predictions within EST, as we already
mentioned it is quite reasonable to assume that
overdensities grow as in GR plus a small modifica-
tion behaving as a power law of the scale factor as
well

= po(l +ra’). (4)

For coherent perturbations the linear M? term may
be important, however because it has been strongly
constrained in (Faraoni, 2009) we assume M2 ~ 0.
By combining equations (3), the difference of the
Bardeen potentials can be written in terms of the
density contrast of matter and the Brans-Dicke pa-
rameter such that the power law ansatz for u can
be related to an specific power law of w given by

3 1 n
—_ = = 5
w(a) + 5~ drpea ma (5)
where m = 1/2rug and n = —s. Such functional

form arises. Thus, for every specific modification
of the growth there is a unique scalar-tensor theory
defined by (5)
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In this work we go beyond the quasi-static limit.
Our goal in this work is to test the growth indi-
rectly by estimating the parameters of EST for a
full range of scales and hence we take into account
relativistic effects. Therefore, care should be taken
about the implications mentioned above. For in-
stance, since p parametrizes the linear growth, it
can also be interpreted alternatively as a classical
“running” Gy constant in the quasi-static limit.
However, beyond that limit, the Newton constant
is much more than that, and even in the simplest
cases like BDT and EST such interpretation of the
growth is not valid. Actually the dynamical Gy
encodes much richer phenomenology beyond the
growth. Furthermore, in more complicated frame-
works such as the Horndeski-like theories, screen-
ing mechanisms arise naturally and the GR pre-
dictions at small scales are recovered, in turn, at
cosmological scales the extra degrees of freedom
show up and Gy affects not only the growth but
the whole set of cosmological predictions. Indeed,
in the specific case of EST the scalar itself plays
the role of such dynamical coupling.

3. The Model

The action describing the general scalar-tensor the-
ories is given by

1
T 167Gy

/d%\/fg [éR —2A — “’Ef)(w)? +Spms

where matter couples minimally to the metric and
the scalar affects matter only indirectly by means
of the metric, so the evolution of matter is deter-
mined by the conservation equations. The local
value of the scalar field is related to the Newton
constant that we measure in a Cavendish-like ex-
periments in order to implement the Mach princi-
ple.

Let us consider a universe with flat, homoge-
neous and isotropic spacetime and AC' DM matter-
energy content. The modified Einstein equations
describing the geometry of this universe within
EST reduce to a modified version of the usual
Friedmann and Raychaudhury equations given by
(Dodelson, 2003)
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The evolution of the background scalar ¢ in a flat
FRW universe is governed by

o+3H¢ =

1 dw = o
% 13 8nGn(p —3P) +4A — d—d_)(cb)

where ¢ = % and H = % with ¢ the proper time.

dw __
f, q =
. For n = 0 we clearly have

In the particular case we are concerned o

Hodo _ Ha oy g
¢ a

the original Brans-Dicke theory.

n—1

Strictly speaking, the initial conditions must be
fixed by the boundary conditions of the solution on
small scales where observers in bound systems in
the quasi-static regime like our solar system, would
measure (Brans & Dicke, 1961; Clifton, Ferreira,
Padilla, & Skordis, 2012)

- 1 4+2w0
0= oo >
Gy 3+ 2wq

where wy = w(a = 1) = m.

We use units where ¢q is dimensionless. How-
ever, we consider modifications of GR at the very
large scales, where ¢g should be allowed to have
different values than those for EST, for that rea-
son we study models in which it is a free derived
parameter. From now on, we shall call such mod-
els as “unrestricted models” (uEST). For complete-
ness, we also consider models which gravitational
coupling is fixed as usual, we call them “restricted
models” (rEST).
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Figure 1. The scalar field solutions for w(a) = ma”™. Asm
increases the variation of the field decreases, it determines
the value of the gravitational current strength. Negative val-
ues of the exponent suppress the scalar while positive ones
enhance it.

In contrast to BD'T where the field stays approxi-
mately constant during the radiation era, EST with
n # 0 might lead to a dynamic solution. Although,
during radiation domination the field might hold
a non trivial solution since it obeys the following
equation

nm a(n_l) 3 =

d(a*3) 5o

da + 2w+ 3

For n # 0, the solution for the first derivative of
the scalar is

b~ a~(75), (6)

Notice that ¢ appears in the right hand side of the
Friedmann equation, so it can be thought that it
plays the role of an extra component of the matter-
energy density. If the exponent is negative as a — 0
the field variation tends to infinity. In particular,
for theories near to the BDT when limit n — 0
the derivative of the scalar behaves as a matter
term density, for larger n ~ 2 it behaves the radi-
ation density does. For larger positive values of n
¢ would be dominant at early times, however for
such large values of |n| the theory is not physically
feasible at late times so those effects at early times
are not going to be considered.
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Figure 1 shows us numerical solution for the
scalar over the whole history of the universe within
restricted models. Clearly, the trend of the field is
the same for a wide range of n values, it grows
monotonically along with time. The overall varia-
tion of the field is larger as n increases. In order to
illustrate better how the field grows at late times,
we will use an approximation of (6) for low red-
shifts z < 1. In that case w(z) = m(1l — nz) and
the scalar equation (6) is

<

1 2nz
(4 T s ) 2m+3)> H

8rG 3(2m+3)+2n
Q1+ z .
2m+ 3 2m + 3

Since z ~ 0, the approximation works only if we
set 2 >> |n| so that the last term in the r.h.s is
small. Within this bounds if [n| > 1 and m ~ 1,
then the first term in the left hand side can be
neglected and then ¢,_q ~ —%ﬂ(m)% Ifn<0
the field’s variation increases at late times and vice
versa for n > 0. Since the field evolves monoton-
ically, and its derivative is suppressed by n, then
this parameter also suppresses the field, as shown
in the figure. It is clear that for large fixed val-
ues of m, negative n suppresses more efficiently
the scalar. Thus we can expect these two parame-
ters to be strongly correlated. In summary, at the
level of the background, at a given small redshift z
the GR limit is accomplished at least in two ways:
(m>1,-1~n<<0)or (m—oco,n=0).

In order to analyse the expansion, consider
m,|n| > 1 and ignore the radiation term. As

~ 5—72 at late time the left hand side correction

term FRW is O(-1-) whilst the additional term in
the right hand side can be neglected. However, the
dominant contribution of m and n comes up from
the normalization on Gy in the matter term at the
right hand side. For rEST models, the larger the
mean value of w is, the closer is universe to a FRW
ACDM. As the scalar and its derivative are en-
hanced when w — 1, the universe expands quicker
due to the scalar’s derivative contribution in the
L.h.s of the Friedmann equation. In this models
the mean value of G has a significant variation
for small values of w whilst it stays constant in the
unrestricted case. Thus, in unrestricted models the

RSN
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effects of ¢ and ¢ over the expansion are uncoupled
since w and £ control each of them independently.
In order to understand effects arising from the
physics of recombination we shall see how effec-
tively the n parameter affects the visibility func-
tion, which is usually interpreted as the probabil-
ity that a photon interacts with baryons by Comp-
ton scattering during recombination. This function
is sensitive to the expansion history of the universe
which is affected by the dynamics of the gravita-
tional scalar degree of freedom. Let us consider
two regimes for both parameters of the model:

0.025 T

Jo
0.015 |- / 4 ,
; \

001 | ] \ E

visibility

0.005 - i B

f .
150 200 250 300 350 400
tau

0.025 |

0.02 |

visibility

0.015 |

0.005 |

o X X s e
100 150 200 250 300 350 400 450
tau

Figure 2. Visibility function for EST in two scenarios:
m = 10 and m — oo and different values of n.

1. m = 1000 . For large m the model is close
to LCDM today and then it is a viable model, if
n < 0 the whole w is large all along the expansion
history and the visibility approaches to that of GR.
Otherwise, when n > 0, the scalar is enhanced all
along and so the expansion history is greatly mod-
ified unless w is sufficiently large to counter the ef-
fect. As shown in Figure 2, the width and height
of the visibility remains the same for negative val-
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ues of the exponent. The shift in 7,... happens due
to changes in the expansion rate since the temper-
ature ~ leV is reached at different time.

2. m ~ 1. In this case, unless the exponent
is negative and large, the scalar field’s effects are
important. As in the previous case, increasing the
absolute value of the exponent affects the visibility
in the same way as in Figure 2, as expected the
exponent only helps to approach the ACDM. It’s
worth to mention that for n > 0 even for small val-
ues of n the visibility departs in great extent from
ACDM then, as we confirm later, they are very
likely to be rejected by data as preferred models.

It is important to point out that restricted and
unrestricted models with ¢g = 1 and n < 0 tend to
be indistinguishable for large values of m as shown
in Figure 3. On the contrary, even for small val-
ues of positive n the visibility of both types of
models differs significantly. The reason why this
happens is that the expansion rate quickly goes
to ACDM as n — —1 for a given m. Addition-
ally, regarding the rEST models, since the over-
all value of w gets large if n < 0, the rescaling
factor (2w + 4)/(2w + 3) of the Newton constant
tends to be equal to 1. Otherwise, if n > 0 then
(2w +4)/(2w + 3) > 1, the expansion rate is pro-
portional to the gravity strength, so in this case,
the rEST model, having weaker Newton’s constant
than uEST, reaches the time of recombination be-
fore and it is easier for electrons to recombine hence
the visibility function is slightly narrower than in
uEST. We would like to make a comment here re-
garding matter perturbations in this kind of mod-
els, because we have ignored the self-interactions
of the scalar, the perturbations are coherent. Thus
the growth of sub-horizon matter perturbations
only depends non the background evolution. As
we are in the Jordan conformal frame the equa-
tions for matter perturbations are the same than
GR, however the background is not FRW necessar-
ily in this theories, then the matter perturbations
grow differently in these models. As mentioned
before, in practice EST models are indistinguish-
able by looking at their expansion history, however
thanks to the sensitivity of the growth of matter
perturbations to the EST parameters such degen-
eracy could be broken down. Figure 4 shows the
growth for some models for which the expansion
history is practically FRW and the growth of mat-



ter perturbations is modified though. Therefore it
would be interesting to test EST by using this sort
of measurements.

Another useful tool to probe EST models is the
Alcock-Pazcynski test. Although it does not bring
important insight when applied to BDT, this ef-
fect is sensitive to the n parameter The Alcock-
Paczynski effect arises as a consequence of the pe-
culiar velocities of galaxies. Spherical objects i.e.
those possessing equal co-moving tangential and
radial sizes Lo, appear distorted in the redshift
space (Alcock C., 1979). The observed tangen-
tial dimension is the angular projection given by

Lo
A = ———FF—. 7
(z+1)Dy(2) (M)
The observed radial dimension is given by the red-
shift projection

0z = LoH(z). (8)

There is no need to know Lg in order to make the
measurement since the observable is given by

&~ (L4 2)DAGH(:), Q
this measurement is independent of any assump-
tion about spatial curvature. An Alcock-Paczynski
measurement does not necessarily need to be ap-
plied to cosmological “objects” but is equally valid
for an isotropic process such as the 2-point statis-
tics of galaxy clustering (Ballinger W.E.; 1996)
(Matsubara T., 1996).

Actually, general analysis of the tangen-
tial/radial galaxy clustering pattern in the pres-
ence of baryon acoustic oscillations demonstrates
how the information may be divided into an over-
all scale distortion, quantified by a distance pa-
rameter (D 4/H), and a warping, quantified by the
Alcock-Paczynski distortion factor D4 H, enabling
the disentangling of D4 and H (Padmanabhan N.,
2008) (Taruya A., 2011). Such approaches are
just becoming possible with the current gener-
ation of large-scale galaxy surveys, and will be
very powerful when applied to future datasets such

as the Baryon Oscillation Spectroscopic Survey
(BOSS) (Eisenstein et al., n.d.).
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Figure 3. Top: Temperature spectrum in the limit

m — oo for extreme values of n within the restricted model.
Bottom: Restricted an unrestricted ST models are con-
trasted for small m(= 10) and a range of values of n.

As the bottom panel of Figure 4 shows, the
APD for in EST starts to be more sensitive to n
from z > 1 onwards. As expected such sensitivity
is reduced as m increases. As mentioned in previ-
ous chapters, m — 0 may be associated with self-
accelerating theories when a potential V(¢) plays
the role of dark energy, thus if it is true that our
m ~ 0 model is an approximation for a shallow-
potential case, we can imply that the APD is a
powerful test for these self-accelerating theories,
such like DGP in the decoupling limit and some
F(R).
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Anisotropies in the Cosmic Microwave

Background

In this subsection we aim to figure out signatures
of the EST parameters in the anisotropies of the
CMB, that would help us figure out the power of
the current measurements to constrain the full set
of parameters of EST.

30
E n=49
T 20| n=4
= [ n=0
a T
>
+ L
\'ﬁz 10 -
= [
0 — T : : :
0.1 -
= 6
&4‘: L
T
. 0.05 |-
0 fmiima o= === 80 e mmm e mmmm o=
L L 1 N Ly
[ 1 2 3 " s

Figure 4. Top: The growth of matter for various val-
ues of n. Even when m = 10 is not too large, relatively
small negative values of n help to approach GR. Bottom:
The Alcock-Paczynski parameter for different values of the
exponent n and m = 100. The sensitivity of APD to the
exponent is almost absent today, however it increases as the
redshifts increases as well, this tell us that high-redshift sur-
veys are more capable of detecting a possible AP effect in
BDT. Also Variation of the APD with respect to the expo-
nent for different gBDT models. As we see if m — 1 the
sensitivity of APD to the exponent is larger. For the ex-
treme case of m = 5 APD is detectable even at relatively
low redshift.
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On one hand, there is a damping of the
anisotropies at small scales due to rescalings of G,
since increasing the strength of gravity makes the
visibility function wider it is more difficult for elec-
trons to recombine. On the other hand, the size of
the anisotropies estimated by the locations of the
peaks is also affected due to modifications of the
expansion history which give rise to different times
of recombination.

In order to devail effects due to the variation of
w controled by the n parameter it is convienient to
consider the following two regimes

1. Large m. For large m the model today is
close to ACDM and then it is a viable model,
if n < 0 the whole w is large all along the ex-
pansion history and the visibility approaches
to that of GR. Otherwise, when n > 0, the
scalar is enhanced all along and so the ex-
pansion history is greatly modified unless m
is sufficiently large to counter the effect.

2. Small m. In this case, unless the exponent
is negative and large, the effects due to the
scalar field are important. As expected the
exponent only helps to approach the ACDM
limit, as a result the visibility is sensitive only
to the overall value of w. However, even for
small values of n > 0 the visibility departs
in great extent from ACDM then they are
very likely to be rejected by data as preferred
models.

The following Table shows the values of w at the
time of recombination for relevant values of m and
n within rEST models. Notice that even for small
m, w at recombination gets considerably large for
relatively small values of n < 0.

W(Trec)
m =10 [ m =100 | m = 1000
n=0.1 4.96 49.7 496.9
n= 10 100 1000
n=-0.5| 330.5 | 3301.7 | 33013.8
n=-1 | 1x10*| 1x10° 1 x 106

The top panel of Figure 3 shows that restricted
and unrestricted models with ¢;,1 =1 and n < 0
tend to be indistinguishable for large values of m.
On the contrary, even for small values of positive n



the visibility of both types of models differs signifi-
cantly. In practice, if we aim to test the theory,
such feature is useful since we suspect that the
negative n are likely to be preferred by data be-
cause the average of w along time is pushed to the
ACDM limit if n < 0 for a given m. Nevertheless,
the recombination history of rEST and uEST are
too different for small w(7,¢.) since they have differ-
ent expansion rates. Regarding the rEST models,
since w(Trec) gets large if n < 0, the rescaling fac-
tor (2w+4)/(2w+3) of the Newton constant easily
tends to 1 at early times. Otherwise, if n > 0 then
(2w+4)/(2w+3) > 1 hence the rEST model would
have weaker Newton’s constant than uEST, so it
would reach the time of recombination before giv-
ing rise to a slightly narrower visibility function
than in uEST.

Another observable quantity that responds to
the EST parameters is the acoustic scale, Depend-
ing on the value of m, the extent of sensitivity of 0
to n changes. The larger m is the lesser 6 changes
when n is varied as shown in the following Table.

9(7—7‘66)
n | m=1000 | m =108
1 0.933639 | 1.035941
0.1 | 1.032737 | 1.037637
0.0 | 1.034614 | 1.037319
—0.3 | 1.036291 | 1.037173
—0.5 | 1.036713 | 1.036639

These results make clear that the measurement of
the acoustic scale by the CMB could provide a good
measurement of n and m. Although the location
of the first peak remains unchanged when n varies
(see Figure 3), the peaks at smaller scales suffer
a further shifting which may provide a good mea-
surement of 6.

Late ISW effect affecting photons travelling from
the last scattering surface due to well potentials of
galaxies formed at late times is considerably mod-
ified in EST models. Another source of ISW are
the possible temporal variation of the potentials at
late times. The former effect is manifested in the
monopole of the temperature perturbation of the
photon. Figure 5 shows the ISW contribution to
the temperature anisotropy in the line of sight in-
tegration for various EST models. For sufficiently
large n > 0 the ISW gets enhanced and the scale
at which it takes its maximum remains unaffected.
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In turn for n < 0 the spectrum is lowered and it
takes its maximum on smaller angular scales. The
BDT case (n = 0) differs considerably from the
AC DM limit model, this tell us about a signature
of BDT models and their close cousins with n < 0
imprinted in the ISW.

600 |- _n=13 4

Figure 5. Effect of the EST parameters on the late ISW
contribution to the temperature spectrum. For negative val-
ues of n the ISW spectrum shifts with respect of n = 0 due
to different expansion histories while for positive n the ISW
is enhanced.

P xif.x,\',', oy

—05 i, recombination -

T e ¥.m =10, n = 0.2 -
—— & m=10,n=02
——— ¥ m=10,n=20

w—— & m=10,n=0

0.001 0.01 0.1 1

Figure 6. The gravitational potential ¥ within the EST
for fixed m at the scale corresponding to the first peak in the
temperature CMB spectrum. Acoustic driving also affects
the third peak for positive n owing to these time-varying
modes of the potentials.

The local time variation of w carries much
wealthier phenomenology in contrast to the BDT.
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In the latter, the shape of the temperature and
Doppler components of the spectrum is not signif-
icantly altered when constant w is varied. In turn
the shape of the components of the temprature
spectrum is dramatically altered. When n > 0,
on one hand, the spectrum stays within its 10%
at scales larger than [ = 400. On the other hand,
for 500 < I < 1000 the spectrum is boosted up-
wards (more significantly in the second and third
peaks). At smaller scales [ > 1500 the spectrum
is not particularly sensitive to n. For n <~ 0 the
predominant effect is due to damping oscillations,
however a special signature can be spotted in the
first two peaks of both the monopole and Doppler
spectra. When |n| takes a more extreme value, the
first two peaks get greatly enhanced whilst the next
ones get importantly damped. This effect at large
scales may be happening due to a combination of
the ISW effect, Silk damping and acoustic driving.
It is interesting that, in this last case, the CMB
looks like one without CDM.

5000

4000 \y

|
[ 8g+¥]
|

3000

Cat¥ 1(1+1

2000

1000

L L i
0 500 1000 1600 2000 2500

1000 F 0 --- n=-t ~

) Doppler Term

cpereier 1(1+1)

500 rgBDT m-e

S S HO SR il e
0 500 1000 1500 2000 2500

Figure 7. Angular spectrum of the monopole and the
Doppler terms of the effective temperature perturbation of
photons in the limit m — oco.
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In EST the potentials vary in time Figure 6 at
some relevant scales and lead to an acoustic driving
manifested in an enhancement of the amplitude of
some modes. For small wy.., the last scattering sur-
face is not far from the radiation to matter equality
and so there are modes for which the potentials are
still time varying to some extend. We can spot in
Figure 7 that around the 3rd peak is boosted due
to this effect.

Photons of the CMB diffuse through the baryon
fluid as a random walk leading to Silk damping
of their perturbation (Silk, 1968.). The aver-
age distance that a photon goes across dubed as
“the diffusion lenght” is given by Ap ~ \/%

neopH-1'
The effect of this photon diffusion is to wash out
anisotropies with wavelengths smaller than Ap.
The following Table shows the values of the scale
of damping kp for different EST models.

kp
m =10 | m =100 | m = 1000
n=20.1 0.1834 0.1426 0.1385
n = 0.1698 0.1412 0.1384
n=—0.5 | 0.1457 0.1388 0.1381
n=-1 0.1408 0.1383 0.1381

The physics governing the effects on the Doppler
term carried by the variation n can be understood
easily. This term is the contribution due peculiar
velocities of galaxies along the line-of-sight. There-
fore, before recombination the velocity of matter
is proportional to the dipole of the baryon-photon
fluid whilst after decoupling the more matter the
universe contains the larger is the Doppler effect
since the velocity of matter increase as the density
of matter does. Thus if decoupling happens right
after the time of equality, the Doppler term gets
enhanced. The following table displays the time of
equality happens for different EST models. By us-
ing it along with Figure 2, we can understand how
the Doppler term is affected by n: On one hand,
if n < 0 the larger is |n| the closer are the times
when recombination and equality of matter hap-
pen. On the other hand, if n > 0 as it increases
either recombination and equality happen earlier
so the effect is less important in this case.



TEQ
m =10 | m =100 | m = 1000
n=0.1 75.77 115.03 120.76
n=0 87.96 117.25 120.99
n=-—0.5| 113.09 120.56 121.34
n=-1 118.34 121.13 121.36

4. Constraints On The Effective Scalar-
Tensor Theory

Methodology and Analysis

In order to obtain accurate predictions from EST,
we numerically solved the background and lin-
earized equations for perturbations in Jordan
frame presented. Since matter is minimally cou-
pled to the metric, equations for different com-
ponents of the matter-energy in the universe re-
main just like in GR. This feature ensures that the
effective gravitational strength is correctly imple-
mented in the code. We implemented the syn-
chronous gauge equations for scalar modes in a
modified version of the CAMB package (Lewis,
Challinor, & Lasenby, 2000).

In order to carry out a Bayesian analysis of the
EST we sample the parameters space using the
MCMC implementation in cosmology. We gener-
ated multiple chains for various combinations of
models and data sets by means of the Metropolis-
Hasting algorithm. Our chains were long enough
to pass different convergence diagnostics processed
by the GetDist program. The convergence diagnos-
tics that we used are mainly the Gelman and Rubin
"R= variance of chain means/mean of chain vari-
ances" statistic for each parameter using the sec-
ond half of each chain (Brooks & Gelman, 1998).
Also the Raftery and Lewis convergence diagnos-
tics were used (Raftery & Lewis, 1992).

The main datasets we used are from the
Planck satellite(Ade et al., 2013), WMAP-
9 (Komatsu et al., 2011), the South Pole Telescope
(SPT) (Schaffer et al., 2011) and the Atacama Cos-
mology Telescope(ACT) (Dunkley et al., 2013) and
BAO (Eisenstein et al., n.d.).

As usual, the chains were generated for both
rEST and uEST models. In rEST models have
8 parameters, the m and n parameters and the
cosmological parameters which are the dimension-
less baryon and dark matter densities wy and w,
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respectively, the ratio of the angular diameter dis-
tance to the sound horizon at recombination 6, the
reionization redshift z,.., the amplitude and spec-
tral index of the primordial power spectrum A, and
ns . The Hubble constant Hy and the (dimension-
less) cosmological constant density wy are derived
parameters. The uEST models have one additional
parameter which is the initial condition gEZm All
the other parameters including foreground astro-
nomical parameters, fast parameters, calibration
and beam parameters remain the same as in the
original code (Ade et al., 2013; Neal, 2005; Lewis,
2013).

We now turn to the issue of priors. For the cos-
mological parameters we assume the same priors as
for ACDM since the two types of cosmological evo-
lution are very similar. A prior on Hy (HST) from
the measurement of the angular diameter distance
from SHOES (Riess et al., 2009) is also imposed
for some chains. The priors for the EST param-
eters are flat on @i, In(m) and n. In order to
determine the allowed ranges by the analysis made
in the previous section we take regions where EST
resembles to GR at first glance. We left a wide
range around these central values where these pa-
rameters are allowed to vary

5. Results and Discussion

Let us first discuss the results for the restricted
models, which contain m and n as additional pa-
rameters to ACDM. We already proved that re-
stricted and unrestricted models behave similarly.
Nevertheless we did sample the space of parame-
ters and obtained estimations for the parameters
of both models in order to infer this conclusion a
posteriori.

As probed in the previous section, both EST pa-
rameters are degenerate since the change in the
expansion history depends on the overall value of
w. The effective result is a shift of the peak loca-
tions and peak heights. In order to single out the
effect over the perturbations, we distinguish two
regimes at which the theory approximate ACDM.
The first one is characterized by m ~ 1 and n < 0
and the other one consists of models with m — oo
and n taking any value. It is reasonable to expect
that the second region is preferred since it corre-
sponds to a very small correction to the growth
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of LSS in the phenomenological setup of rEST. In
this region, when n is varied two main effects arise:
at large scales the temperature anisotropy is en-
hanced due to the ISW and at intermediate scales,
there is also a combined effect due to acoustic driv-
ing and silk damping affecting intermediate scales
which is manifested as a boost in the amplitude of
the second and third peaks. Other peaks for higher
multipoles feel this effect in less extent.

It turns out that using Planck + WMAP9(pol)
alone is not enough, in such case even if the number
of samples is huge, the posterior distributions fail
to pass the convergence diagnostics within an ac-
ceptable level. This lead us to the conclusion that
further data was needed to constrain the parame-
ters space. In order to get better results, we added
HST and BAO. However, as we will see in short,
some remaining degeneracies are still present.

Figure 8. 1D marginal posterior distributions
for uEST (red-dashed) and rEST(blue-solid) models with
Planck+WMAP9(pol)+BAO+HST. Both sort of models
have well defined regions of good likelihood: m ~ 1 and
m — 0o. According to Planck, the exponent n prefers small
negative values which lead to a big overall value of w along
the expansion history.

According to the baseline set:  Planck+
WMAP9(pol)+BAO+HST we can see that uEST
and rEST 1D marginal posteriors have similar
shape (see Figure 8). Notice that the high-
likelihood regions that we foresaw in the previous
section, clearly are picked by the data in both kind
of models.

However we can spot a very small difference:
uEST prefers the BDT region (m — oo) while the
restricted models get on well with smaller m. This
places rEST in an interesting place over uEST: if
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we keep in mind the indirect measure of modifi-
cations to the growth motivating the phenomeno-
logical setup of EST, it can be concluded that, ac-
cording to combined measurements of the CMB
by Planck and the expansion history by BAO and
HST, a modification of the growth in GR is allowed
and it would be of order (1/m) today within 68%
of confidence level. Thus, since smaller values of
m lead to larger value of the modification to the
growth, according to Planck, it is possible to de-
tect deviations which are lesser suppressed in rEST
than in uEST.

= == BDT n=0
100 b m=5 = UBDT n=0 -

——- rBDT n=-05 ]

—— uBDT n=-05 |

D,[Mpc]

1000

100 Y A" Ll L L
0.01 0.1 1 10 100

Figure 9. Angular diameter distance as function of the
scale factor for different EST models.

Different preferred regions of uEST and rEST
are closely related to the different sensitivities of
the angular diameter distance to the n parameter
of each type of model. Figure 9 shows the pre-
dicted D4 in both types of models. A possible ex-
planation would be that, once the CMB alone is fit-
ted, the restricted case fits better the D 4 measure-
ments from BAO and HST than the unrestricted
one.

In order to have a better idea on the features and
quality of the 20 and lo estimations for the EST
parameters, lets have a look to their 2D marginal
posteriors. The first outstanding characteristic is
a considerable correlation between m and n. At
20 such the well-constrained direction is well deter-
mined, however at 1o two disconnected constraints
arise at different degeneracy directions.

Above m > 10%, the extent of correlation is the



same as for 20, in turn for 10 < m < 10 the
1o region(mild orange) bends in complicated way
leading to a large correlation between the param-
eters. From projecting the Lh.s region of the 1o
constraint on vertical axis gives us an estimate for
n (table 1). Notice that at 20 the upper bound
moves to larger values due to the leaning shape of
the constraint.

Constraints of n with
Planck-+WMAP9(pol)+HST+BAO

CL | mean | lower | upper
68 | -0.47 | -0.94 | -0.15
95 " -1.39 | 0.57
99 " -1.45 | 0.84.

Results with Planck and other data different
than WMAP (pol) give rise to very different con-
straints. Let us start from analyzing the 1D pos-
teriors in Figure 10 for the restricted model for
the following datasets: Planck + WMAP9(pol) +
High-1 and Planck + lensing.

Figure 10. 1D posterior for m and n respectively within
the restricted model with Planck + WMAP9(pol) + BAO
+ HST+ LENSING (red) and Planck + WMAP9(pol) +
BAO + HST + ACT+SPT (black). Bottom: The inclusion
of lensing gives rise to weak estimates of n whilst by adding
the high-1 data from ACT and SPT, the constraints become
very strong. Top: the inclusion of lensing doesn’t improve
significantly the lower limit for m. Models with very large
m, which were in principle expected to be close to ACDM,
seem to be less likely than others with lower m; further
analysis is needed in order to determine the reason why this
happens. In contrast, when small-scales measurements are
included, the lower limit of m is very well constrained.

As it happens small scales measurements of the
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CMB strongly constrain the EST parameters, the
inclusion of high-1 data dramatically changes the
shape of the 1D marginal posteriors in comparison
to Planck + WMAP9(pol). The well-spotted pre-
ferred low-high-m regions vanish for this dataset
and the model gets strongly constrained, the lower
limit of m is pushed up to the m — oo limit while n
firmly sticks to the —1/2 value and rejects positive
values.

For Planck + lensing , the distribution shows us
that a wide range of models with intermediate val-
ues of m are picked by the data and even though
the exponent prefers negative values, n < 1 are not
fully rejected as SPT does. It is interesting that
lensing does not prefer the limit m — oo as ex-
pected at first place. The fact that posteriors for
Planck + WMAP9(pol) + SPT are tighter than
for Planck + lensing tells us something about the
extent of sensitivity of this datasets to the EST
parameters.

6. Conclusion

The growth of LSS assumed in the phenomeno-
logical setup for modified theories of gravity con-
sidered here is assumed to behave as a power law
p = po(l + ra®). There is a correspondence be-
tween this setup and the effective scalar-tensor the-
ory with w(a) + 3/2 = m a™ where m = 1/2rpug
We tested indirectly the free pa-
rameters involved using cosmological observations
different to LSS. The main data set is the CMB
anisotropies from Planck and tests of the expan-
sion history from BAO and HST, that give rise to
the 1o constraint of n = —0.4770%2 and two re-
gions for m: m = 50.1 4+ 11.2 and m > 3.2 x 103.
The fact that the first of these regions is likely
has an interesting consequence: according to the
CMB, BAO and HST, the growth of LSS is al-
lowed to hold a modification today of order ~ 1073
which is not negligible. = Modifications of grav-
ity within the Brans-Dicke family with running-w
along time are preferred by observations according
to our results. Taking into consideration the degen-
eration of model to describe the background evolu-
tion (that is ignoring self-accelerated solutions) a
host of Hordenski theories are compatible with our
constraints as long their scalar field perturbation
is approximated as that in the Brans-Dicke fam-

and n = —s.
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ily according to the mapping found in (Avilez &
Skordis, 2014).
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