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The cosmic microwave background (CMB) anisotropies predicted by two cosmological
models are compared, one of them is the standard model of general relativity with
cold dark matter and cosmological constant, whereas the second model is based on a
consistent vector-tensor theory of gravitation explaining solar system and cosmological
observations. It is proved that the resulting differences — between the anisotropies of
both models — are due to the so-called late integrated Sachs—Wolfe effect and, conse-
quently, cross-correlations between maps of CMB temperatures and tracers of the dark
matter distribution could be used in future to select one of the above models. The role
of reionization is analyzed in detail.
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1. Introduction

In Ref. [, an analysis of modified gravity theories, which takes in account current
CMB data, was presented. As it is stated in this paper: “Those models which are
close to ACDM are in broad agreement with current constraints on the background
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cosmology, but the perturbations may still evolve differently and hence it is impor-
tant to test their predictions against CMB data.” In agreement with these com-
ments, the present paper studies the case of another successfully modified gravity
theory that is close to the ACDM model.

Any vector-tensor gravity (VT'G) theory involves the metric tensor g and a
vector field A*. These fields are coupled to build up an appropriate action leading
to the basic equations via variational calculations.

There are many actions and VTG theories22 here we focus our attention on
one of these theories free from quantum ghosts and classical instabilities. It has
the same parameterized post-Newtonian limit as general relativity (GR) and may
explain cosmic microwave background (CMB) anisotropies as well as GRZ7 In
this vector-tensor theory, the outer metric corresponding to a spherically symmet-
ric mass distribution has the same form as the well-known Reissner—Nordstréom
solution of Einstein-Maxwell equations ® whose source is a charged spherically sym-
metric mass distribution. This implies that, in the VTG theory (no charges), there
are repulsive gravitational forces at stellar scales, just as it occurs in Einstein—
Maxwell theory for a charged star. These forces might affect neutron star structure
and the gravitational collapse (to be studied elsewhere). Moreover, there is also a
gravitational cosmological repulsion, due to the cosmological constant. On account
of these facts, this theory shall from now on be called attractive-repulsive vector-
tensor gravity (AR-VTG). As it was claimed in Ref. 7] it is convenient to mention
that this theory is not a particular case of the Generalized Proca Theories (GPT) 2
which also involve a vector field A*.

As it was discussed in Ref. @, the CMB anisotropies produced at z > 10 are
expected to be identical in GR and AR-VTG; nevertheless, close to z = 10, some
AR-VTG scalar cosmological modes (see mode definitions in Refs. [0 and [IT),
involved in the equations describing the evolution of the CMB photon distribution
function (see Ref. 12), begin to deviate from those of GR. These deviations might
produce significant differences between the CMB anisotropies of GR and AR-VTG,
but the redshift dependence of these differences requires numerical estimates which
are performed in what follows. Evidently, primary anisotropy is produced at z > 10
and, consequently, the differences between GR and AR-VTG anisotropies at z < 10
must be due to some kind of secondary anisotropy. At these low redshifts, various
effects are being produced: (i) the effect due to reionization (hereafter called R-
effect), which is due to the interaction of free electrons with CMB photons via
Thompson scattering, (ii) the so-called late integrated Sachs—Wolfe (LISW) effect
due to large strictly linear scales, and (iii) the Rees—Sciama effect produced by
smaller nonlinear scales.

The Rees-Sciama effect is too small to be detected™®; hence, we focus our atten-
tion on the R and the LISW effects. ™15 I GR, these effects may be estimated with
the code CAMBIE whereas a new code (hereafter VITCAMB) has been specially
designed — by us — to carry out the corresponding estimations in the context of
AR-VTG (see Ref. [7).
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In this paper, G, a, 7, and z stand for the gravitation constant, the scale factor,
the conformal time, and the redshift, respectively. Our signature is (—, +,+,+).
Greek indexes run from 0 to 3, while the latin ones from 1 to 3. Symbol V (09)
stands for a covariant (partial) derivative. Whatever the function f may be, f stands
for the partial derivative with respect to the conformal time. The antisymmetric
tensor F),, is defined by the relation F},, = 0,4, — 0, A,. It has nothing to do with
the electromagnetic field. Quantities R, R, and g are the covariant components
of the Ricci tensor, the scalar curvature and the determinant of the matrix g,
formed by the covariant components of the metric, respectively. Units are chosen
in such a way that the speed of light, ¢, takes on the value ¢ = 1. Quantity A, =
00 4+ 1)Cy/2m, given in pK?, is considered as a measure of CMB angular power
spectra. This quantity and other ones depending on it are represented in various
figures.

This paper is structured as follows: The AR-VTG theory is summarized in
Sec. Bl The origin of the Ay deviations between GR and AR-VTG is analyzed in
Sec. B, and the variation of these deviations with the redshift is studied in Sec. [l
Finally, Sec. Bl displays our main conclusions and an appropriate discussion.

2. AR-VTG Foundations
2.1. Generalities

AR-VTG is particular parameterization of the general unconstrained VTG pro-
posed by Will, Nordtvedt and Hellings™ > in early 1970s. All these theories were
based on the action:

1
167G

—eF,, F" + 4V, A, V" A" + L;,)/—gd*z, (1)

/(R +wA, A"R+nR,, A" AY

where w, 1, € and v are arbitrary parameters and L,, is the matter Lagrangian
density, which couples matter with the fields of the VT'G theory.

There is a detailed analysis of the viability for VTGs theories in Ref. 19 which
determines the theories that may deserve our attention. This studio includes the
calculation of the propagation speeds for the different perturbation modes and
also the conditions for the absence of quantum ghosts. Regarding Ref. the
parameterization w = 0, n = , leaving € arbitrary is a viable set of theories in terms
of classical stability, local gravity constraints and absence of ghosts. Moreover, the
perturbations of mentioned model propagate at the speed of light which leads to
the absence of classical unstable modes. AR-VTG theory is obtained when previous
parameterization settings are applied to the general unconstrained VTG.

Let us now briefly summarize the AR-VTG basic equations, which were derived
in Refs. [4 and 5 from an appropriated action, which is a particularization of the
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general vector-tensor action given in Ref.[2] The resulting field equations are
G = 8rG(TL, + T, (2
2(2e — y)VV Fu = J;}, (3

—

where G* is the Einstein tensor, T4y, is the GR energy momentum tensor, J5 =
29V, (V- A) with V- A=V, A" and

1
T = 2(26 — 7) [F“QF”O‘ — Zgﬂ”leﬂ“ﬁ]

— 2y HAQVQ(V cA) + %(v : A)Q} g’ — APVY(V - A) — AYVH(V - A)|.

(4)
Equation (B) leads to the following conservation law:
A _
VETD =0 (5)

for the fictitious current Jf. Moreover, the conservation laws VMT(’;‘;\ = 0 and
V. Ti5 = 0 are satisfied by any solution of Eqgs. (2) and ().

The pair of parameters (g, ) must satisfy the inequality 2 — v > 0 to prevent
the existence of quantum ghosts and unstable modes in AR-VTG (see Ref. [19).

2.2. The background cosmology

Let us now consider a flat uncharged homogeneous and isotropic background uni-
verse with matter and radiation where the isentropic uncharged perfect fluid is
characterized by an energy density pp and a pressure pg (subscript B refers to
background quantities). In this flat background using conformal time, the metric
can be written in the form

ds? = a*(7)[—d7? + dr* + r?d6? + r?sin®0d¢?). (6)

Furthermore, the covariant components of the vector field are (Agp(7),0,0,0)
and tensor F), vanish. On the other hand, it is worthwhile to notice that the
relation V, T4 = 0 is satisfied (see Ref. Z) so matter and radiation evolve as in the
standard Friedmann-Robertson-Walker model of GR (immediately V,T&L = 0 is
obtained).

Taking into account Fj,, = 0, Eq. (B) leads to

Ji = =29V, (V- A) =0, (7)

and then the quantity (V- A)p is a constant and, consequently, tensor T)y," has the
same form as the energy—momentum tensor corresponding to vacuum; namely, one
has T)F = —pyT g, where pi,t = 2(V - A)} = constant # 0 is the energy density
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due to the vector field. This means that the resulting theory is equivalent to GR
plus a cosmological constant. In terms of the component Ayp(7) the Eq. (@) is

. . o2
Aop + 2408 (2 - 3a_2> =0, (8)
a a
while Eq. () is
a2
3¥ = 81Ga’(pp + pyt) (9)
and
_a ﬁ _ 2 VT
2a + i 8rGa“(pp +pg ), (10)
where
) 2
1 . a
ppt = —pyt = 57(V A = 27? (AOB + 25/103) . (11)

Hence, the equation-of-state is wVT = pV7T/pVT =
of the evolving field is constant, we can state that this field acts as a cosmological
constant. Obviously, the condition 4 > 0 must be required to have a positive A*
energy density in the background universe (see Ref. [0]); hence, taking into account
the previous inequality 2¢ — v > 0, the inequalities € > 3 > 0 must be satisfied.
The necessary initial values for the integration are obtained at high redshift
(zin ~ 10%) during the radiation dominated era, where it is found that a o 7 and
Aop(T) o< 73 satisfy the above background field equations. At z = zi,, one finds

—1, so as the energy density

where subscript “in” of previous quantities refers to initial values at z = z,.

2.3. The cosmological perturbations

In order to describe cosmological perturbations, the formalism summarized in
Ref. T (see also Ref. [[T)) is used. In this formalism, there are three types of per-
turbations whose evolution is independent during the linear regime: scalar, vector,
and tensor fluctuations. There are no tensor modes involved in the expansion of the
introduced vector field, so the existing ones satisfy the same equations as in GR.
Formally, the vector fluctuations are as in Einstein—-Maxwell equations. The main
reason lies in the fact that the action () is full equivalent to

I =

1 1
PV % . 2 — 74
167rG/ [R—i— (27 E) FuF*" +~(V-A)*+ Ly, | V/—gd*x (13)

for the parameterization w = 0, n = ~, and this action differs in essence, from the
Einstein-Maxwell one, in the term proportional to (V - A)2, which is a scalar.
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At linear level, the vector perturbation of the vector field can be written
AE}) = (07A(1)Q§1)), where le) are the vector harmonics which are a solution
of the Helmholtz equation Vngl) = —szl(-l) (see Ref. [10), and & is the wave num-
ber that sets the spatial scale of the perturbation. The evolution equation for the
vector modes amplitude A ig7

AW 4 2AW = . (14)
It is interesting to realize that this mode is uncoupled from the rest of mode equa-
tions, so it has no impact on the evolution of the other modes.

Finally, all the scalar modes of GR are also involved in AR-VTG but, in order
to describe the scalar modes associated to the field A,, we introduce a new gauge
invariant scalar modé® (V - A)() which is the first-order term in the harmonic
expansion of the scalar function (V - A) defined as follows:

(V-A)=(V-A)p+ (V- A)OQO, (15)

where the scalar harmonic Q(?) is a solution of the Helmholtz equation V2Q() =
—k2Q) (see Ref. [0]). There are no more independent AR-VTG scalar modes.
From Eq. [@), the following uncoupled differential equation for the new mode is
obtained:

(V- A) O L 2aH(V - A)O° L k2(V - 4)© =0, (16)

This equation just involves, apart from the new AR-VTG scalar mode and its
derivatives, the background functions a(7), H(7) = a/a? and the wave number.
It is convenient to write scalar perturbation equations in the synchronous gauge
and in terms of the scalar modes defined in Ref. 2] the reason is because those
are the functions and gauge used by the original CAMB code and the modified
one VI'CAMB. There are just AR-VTG corrections terms to the standard GR
in equations (21a)-(21c) derived in Ref. [2] this set of modified equations are as
follows:

1 -
ki — §aHh = —4nGla’ppd + \11540)], (17)
k25 = AnG|a®(pB + pB)0 + #kQAoB(V - A) O (18)
h+ 2aHh — 2k = —24rGla?ppmy, — U], (19)

where ‘11540) = [a* (V- A) 5(V-A) O + Agp(V - A)(O)']. In the above equations,
7 and h are the scalar modes related with the metric, while §, § and 7y are the
scalar modes related with fluid (density fluctuation, divergence of fluid velocity and
the isotropic pressure perturbation, respectively). The same functions (without the
tilde) and its definitions are found in Ref. T2, while the 7, one can be located in
Ref. M0 The rest of scalar modes equations remain unaltered (see Egs. (92) and
subsequent in paper Ref. [12).
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As in previous subsection, initial conditions equations for the AR-VTG scalar
modes at redshift (zi, ~ 108) in the radiation dominated era are obtained. In GR,
the initial conditions equations involve a normalization constant named C' at Ref.
while in AR-VTG it involves an extra one we call D, that is related with the initial
spectrum of the new scalar mode in the following manner: (V - A)(®) = Dk*. The
complete set of modified initial conditions equations can be found in Ref.[7 labeled
as (2.23).

3. CMB Anisotropy Differences Between GR and AR-VTG
3.1. Numerical computational fitting

In order to fit observational data with the model predictions an adapted and mod-
ified version of the standard well-known codes COSMOMC?Y (hereafter VT COS-
MOMC) and CAMB have been used. There are a lot of tasks related with the
adaptation and modifications of the codes as the inclusion of the background and
scalar modes extra field equations, and its corresponding initial conditions equa-
tions, the modification of the scalar modes equations including the new terms and
again its modified corresponding initial conditions equations. But this is not enough,
the introduction of the new parameter implies changes at original COSMOMC (the
Markov sample chains generator software) code, modifications related with the inte-
gration steps in wave number k and in time, numerical issues and other technical
concerns.

As related in the above subsection, there is a new constant D whose absolute
value |D| normalizes the spectrum of the vector field A, (its divergence) scalar
cosmological perturbations. This is the new parameter that has been added in the
different fitting calculations. Apart from the mentioned above, we include six GR
parameters to conform a minimal base model to fit, those parameters are: Q,h?,
Qpmh?, Tre, ns, log[101°A,], and 6, where Q, and Qpy are the density parameters
of baryons and dark matter, respectively, h is the reduced Hubble constant, 7. is
the reionization optical depth, ng is the spectral index of the power spectrum of
scalar modes, and A; is the normalization constant of the same spectrum whose
form is P(k) = Ask™, finally, the parameter 6 (angular acoustic scale) is defined
by the relation 6 x 1072 = r4(2.)/da(z.), where r4(2.) is the sound horizon at
decoupling redshift z., and da(z.) is the angular diameter distance at the same
redshift. This minimal base model is expanded for some cases when tensor modes are
included, in such a case, following additional parameters are considered: 79 o5 (the
primordial tensor to scalar initial amplitude at the pivot scale of kg = 0.05 Mpc_l),
and dns/dInk (running index).

A varied combination of evidence sources that includes Ia supernovae (SNIa),
WMAP 7 years CMB anisotropies (WP7), Planck CMB anisotropies (Planck),
WMAP polarization anisotropy at low ¢ < 23 (WP), baryon acoustic oscillations
(BAO) have been used. A complete analysis of the results can be found at Refs.
and [7, however, let us summarize useful obtained information for the current studio.
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Fig. 1. (Color online) Five panels representing the normalized to unity (P/Pmax) marginalized
likelihood function for different standard GR parameters; 2., is the density parameter of matter
and Hp is the Hubble constant parameter. Black color represents the function for GR while the
red one is used for AR-VTG.

When the constant D is considered as an additional parameter to be adjusted and
a certain confidence level is assumed, we have found that, in AR-VTG fitting cal-
culations, most GR parameters belong to intervals wider than those of the GR
fitting calculations and, consistently, quantity |D| takes on nonvanishing values.
As a sample, see Fig. [Il where the left four panels represent the normalized like-
lihood for different standard GR parameters (the best fit values, including the
68% confidence intervals can be found in Table[l); at the stretched right panel the

Table 1. Minimal fit for 6 (GR) + 1 (D) parameters in the AR-VTG model.
The evidence sources used are Planck CMB anisotropies and WMAP polarization
anisotropy at low £ < 23.

Parameter Best fit 68% Lower limit 68% Upper limit
D x 1078 1.596 —2.149 2.149

Qyh? 0.02216 0.02179 0.02235
Qpumh? 0.1187 0.1169 0.1222

Tre 0.0893 0.0749 0.1013

ns 0.9657 0.9535 0.9684
log[1010 A] 3.085 3.060 3.110

0 1.0411 1.0407 1.0419
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normalized likelihood function for the running index parameter, when tensor modes
are included, is presented. This is a pattern that is repeated when using different
evidence data sources combinations and strongly suggests that a parameter D # 0
facilitates the adjustments between predictions and cosmological observations.

Parameter |D| plays a positive statistical role in the study of AR-VTG scalar
perturbations. Depending on the set of evidence sources considered and the inclu-
sion or not of tensor fluctuations (and the parameters related with it), differ-
ent intervals for the confidence level of 1o (68%), 20 (95%), and 30 (99.7%)
are achieved. Figure 2 represents a summary of mentioned results, for instance,
at 20 confidence level those are: [—3.876, 3.876] for just scalar perturbations
and Planck + WP, [-4.005, 4.005] same as previous one but including BAO,
and [—5.442, 5.442] when including tensor modes with running index and using
Planck + WP as evidence sources.

3.2. On the CMB anisotropy differences

Let us now describe the method used to analyze the origin of the CMB anisotropy
differences between GR and AR-VTG.

P/E

1 1 1 1 1
8 -6 4 2 0 2 4 6 8
D x 10%

Fig. 2. (Color online) Marginalized distribution functions normalized to unity for the parameter
D x 108 in various fits. The dotted red curve was built with WMAP and SNIa data whereas
blue solid, black, and green lines provide (P/Pmax) use Planck + WP just with scalar modes,
Planck + WP including tensor modes without running index, and Planck + WP including tensor
modes and running index, respectively.
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Codes CAMB and VITCAMB are used to estimate the R and LISW effects at
z < 10. Reionization is modeled by using the standard optical depth 7,.. parameter.

In any case, results from CAMB based on a minimal six parameters fit model
are compared with the results obtained with VTCAMB for the same values of the
six parameters plus a new parameter characteristic of AR-VTG. This parameter
labeled D will take on the value 4 x 108, which was proved to be compatible with
CMB observations at the 20 confidence level (see previous subsection and Ref. [7).

We use two sets of six parameters obtained in previous papers — in the context
of GR — to fit theoretical predictions and observations. These sets are hereafter
called ACDM-2013 and ACDM-2015. The six parameter values for ACDM-2013
(ACDM-2015) are given in the first (second) data row of Table B

Five of the six parameters given by CAMB — in the GR context — take on
similar values whatever the observational data may be (WMAP, PLANCK, and so
on); however, parameter 7,.. depends on the CMB polarization data used in fit cal-
culations. The ACDM-2013 parameter values — obtained in Ref.[7 — were derived
by using Planck data about the CMB temperature distribution, plus WMAP data
on CMB polarization anisotropy at low ¢ < 23, and the resulting 7, is close to
0.093 (first data row of Table B)); nevertheless, the ACDM-2015 parameter values,
given in the second data row of Table B, were derived in Ref. by using both
temperature and polarization Planck data (see column 3 of Table 4 in this last ref-
erence); in this second case, the parameter value 7. is close to 0.067; namely, this
parameter is rather smaller than that of the ACDM-2013 fit, which is a consequence
of important differences in the polarization data. Both fits have been performed by
using CAMB and COSMOMC codes. December 2013 (November 2015) versions
were used to get the ACDM-2013 (ACDM-2015) parameter values.

As it has been stated in Sec. [, the differences between the CMB anisotropies
of GR and AR-VTG must be due to a combination of the R and LISW effects at
2 < 10. Reionization contributes to the LISW effect™® (R1-effect) and, moreover,
it also creates anisotropy due to path mixing, Doppler effects due to motions in
the reionization electron distribution, and so on (R2-effect). Our main goal is to
disentangle the R1, R2, and LISW contributions to find out the nature of the afore-
mentioned differences. Since there are well defined terms giving the LISW effect —
in CAMB and VICAMB — and these terms include reionization contributions
(R1-effect), we can proceed as follows:

(i) Once a data row of Table[@ has been selected and the value D = 4 x 10® has
been fixed, Codes CAMB and VT'CAMB may be used to calculate the total
Ay numbers in GR and AR-VTG, respectively.

Table 2. Two minimal fits (six parameters) in the standard ACDM model.

Parameters Qph? Qpmh? Tre N log[IOIOAS} [
ACDM-2013 0.02209 0.1195 0.0927 0.9633 3.093 1.0415
ACDM-2015 0.02227 0.1184 0.067 0.9681 3.064 1.04106
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(ii) For the same parameters, the LISW contribution to the A, quantities may be
easily calculated. This computation may be performed by integrating, from red-
shift 10 to 0, only the terms giving the LISW effect (including R1); namely, by
canceling any other contribution to the CMB angular power spectrum, includ-
ing R2 reionization effects (not contained in LISW); in this way, only the reion-
ization contribution, R1, to the LISW effect is taken into account.

Results obtained with this procedure may be used to calculate, for the chosen
parameters, both absolute and relative deviations between the GR and AR-VTG
angular power spectra. These deviations may be estimated for the total A, quan-
tities, and also for the LISW contribution to the angular power spectrum. The
absolute deviations are 52" = |A,(GR) — Ay(AR-VTG)|, whereas the relative ones
are 05! = 2[|A;(GR) — Ay(AR-VTG)|]/[A¢(GR) + Ar(AR-VTG)]. These deviations
are presented in Figs. Bl to [G

The top panels of Fig. Bl exhibit the total A, quantities obtained from the
parameters of the first (ACDM-2013, left) and second (ACDM-2015, right) rows of
Table Bl In these panels, solid (dotted) lines correspond to GR (AR-VTG theory
with D = 4 x 10%). From the comparison of solid and dashed lines, it follows that
for D = 4 x 108 there are deviations from GR in the ¢ interval represented. For
£ > 60, both theories lead to almost the same angular power spectrum. The relative

1800 1800
1600 1600
“’& 1400 1400
3
<~
<1 1200 1200
1000 1000
800 800
10 20 60
l
0.08 0.08
0.07 0.07
0.06 0.06
0.05 0.05
R Es 004
0.03 0.03
0.02 0.02
0.01 0.01
0 0
10' 102 10" 10?
l l

Fig. 3. Top left (right) panel shows the total CMB angular power spectrum A, for ACDM-2013
(ACDM-2015) parameters. In these panels, solid (dotted) line corresponds to the ACDM model
of GR (AR-VTG with D = 4 x 108). Bottom panels present the relative deviations, 6291, between
GR and AR-VTG, for the pairs of curves displayed in the top panels located at the same column.
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10'

Top panels are as those of Fig. 3] but A, is here the LISW contribution to the total

CMB angular power spectra. In bottom panels, the dashed (dotted) line displays the absolute

deviations,

located in the same column of this figure (of Fig. B)).

6'2}‘35, between GR and AR-VTG, for the pairs of curves shown inside the top panel

400
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50 -

40 [

5% K2
w
S
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Fig. 5.

10' 102
l

Left and central panels have the same structure as the left top and left bottom panels of

Fig. @ In the panels of this figure, quantities A, and §2P% have been calculated in the absence of
reionization. In the right panel, solid (dashed) line gives LISW absolute deviations, §2PS, between
GR and AR-VTG with (without) reionization. All the curves correspond to the case ACDM-2013.
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0 1 1 0 1 1
10' 10? 10' 10?
’ ‘

Fig. 6. Left (right) panel shows absolute (relative) LISW deviations between GR and AR-VTG.
Solid (dotted) lines correspond to ACDM-2013 (ACDM-2015).

deviations are given in the bottom panels, where it can be seen that the values of
these deviations are close to 0.06 (6%) for ¢ values in the interval (10,20), being
greater than 0.01 (1%) between ¢ = 2 and ¢ = 60. We will not discuss the importance
of these deviations, as it was already done in previous papers®™ from the statistical
point of view. We are only interested in the nature of these deviations, which are
not either negligible or too large for the chosen D value. The key question now
is: what kind of effect produces the relative deviations represented in Fig. B? To
answer this question, we use Figs. @ and B} We have to emphasize that these two
figures also reveal to us that, while the aforementioned relative deviations in the ¢
interval are around 6%, when the isolated contribution due to LISW is considered,
those deviations reach, and even exceed, 100%.

If the absolute deviations corresponding to the total A, quantities and those
of the LISW contribution (including R1) may be considered the same; namely, if
the differences among these two absolute deviations are smaller than the numerical
errors in the Cp coefficients due to CAMB and VTCAMB, it can be stated that
the total deviations between GR and AR-VTG are fully due to the LISW effect;
however, if these differences are greater than the expected numerical errors, a part
of the total deviations between GR and AR-VTG would be due to reionization
through effects which are not included in the total LISW (R1).

Each of the top panels of Fig. Hlhas the same structure as the corresponding top
panel of Fig. B only the displayed quantities are different in these figures: the total
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Ay coefficients in Fig. Bl and the contribution due to the LISW in Fig. Bl In the
bottom panels of this last figure, there are two lines, the dashed line gives the abso-
lute differences between GR and AR-VTG corresponding to the total Cy coefficients
represented in the top panels of Fig.[3] whereas the dotted line displays the absolute
differences of the LISW contributions given in the top panels of Fig. @l The coinci-
dence of these lines, which are indistinguishable to the eye, suggests that the total
deviations between GR and AR-VTG are essentially due to the LISW effect (see
previous paragraph). See also Sec. [ for a detailed measurement of the relative
deviations between the dotted and dashed lines of the bottom panels.

Let us now repeat our estimations of the total A, quantities and the LISW
contributions to them in the absence of reionization. For the sake of briefness, only
the results corresponding to ACDM-2013 parameters (first data row of Table @) are
presented. Similar results have been verified for ACDM-2015 parameters (second
data row of Table B). Since only the LISW effect produces CMB anisotropy at
z < 10, the total and LISW absolute deviations between GR and AR-VTG must
coincide. This fact has been verified and results are presented in Fig. . Left and
central panels of this figure have the same structure as top left and bottom left
panels of Fig. @l The two curves of the central panel are almost identical (see Sec.[3]
for measurements of deviations), which confirms that the total anisotropy is a LISW
effect. Right panel shows LISW absolute deviations between GR and AR-VTG with
and without reionization. It is evident that reionization affects the LISW absolute
deviations (Rl-effect), but the absolute deviations of the total C; quantities are
affected in such a way that the two curves of the bottom left panel of Fig. dl (with
reionization) are very similar, and those of the central panel of Fig. [l (without
reionization) are also almost identical.

Figure @ shows absolute (left) and relative (right) differences between GR and
AR-VTG for the LISW contributions to A,. Solid lines (ACDM-2013 parameters)
and dotted lines (ACDM-2015) do not coincide. A remarkable difference appears
in both cases since reionization is very different for ACDM-2013 and ACDM-2015
parameters (see the values of parameter 7. in Table ). In spite of this fact, the
total Ay quantities are also different for ACDM-2013 and ACDM-2015 and, as it
may be appreciated in the two bottom panels of Fig. [ where the dotted and dashed
curves almost coincide for ACDM-2013 (left) and also for ACDM-2015 (right), which
strongly suggests that — whatever the fit parameters may be — total deviations
are due to the LISW effect at z < 10.

3.3. The LISW in the best fit models

Once the nature of the deviations between RG and AR-VTG, and how these dif-
ferences are generated in terms of redshift have been presented, it is interesting to
compare the LISW anisotropies predictions between best fit models.

So now, instead of using the parameter set values of a LCDM best fit model to
be compared with an AR-VTG model that is built from the first one, that is, uses
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Fig. 7. Presented panels as are those like left and middle in Fig. [}, but the parameter values
correspond to the LCDM-2013 model presented at first row of Table 2 for the solid line, while for
the dotted line, the parameters values are those located in Table [[] for the AR-VTG fit.

the mentioned parameter set values of the LCDM best fit model, plus a reasonable
value for the characteristic AR-VTG parameter (D parameter), the two models to
be used are: the LCDM-2013 minimal fit (see first row of Table2]) and the AR-VTG
best fit model presented in Table [

The results of the predictions of the LISW contribution to the CMB anisotropies,
of the aforementioned models, are presented in Fig.[[l As in previous comparisons,
the maximum absolute differences are reached in the range of ¢ (10,20), this time
those relative deviations are ~ 50% when examining just the LISW contributions,
however, when the total CMB anisotropies are considered, those maximums are
between ~ 1% and ~ 2%. It has been described in Sec. Bl that a set of different
results have been obtained when different evidences, sources and extended models
are studied (see Refs. [0l and [7l for details). In this global context, we can affirm that
the total CMB anisotropies differences reach a maximum between ~ 2% and ~ 5%.
If we also take into account that, except in the particular case of considering tensor
modes and running index, the best fit values obtained for the common parameters
of GR and AR-VTG models are very similar, we may conclude that a reasonable
doubt exists as to whether CMB has enough discriminating character. Another
important issue to take into account is the fact that the low values ¢ of the CMB
are mainly affected by cosmic variance. In such a case additional cross-correlation
tests might be useful.
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The cross-correlation between CMB and some tracers of large scale structure
surveys (LSS) was first proposed by Crittenden and Turok (see Ref. 22), allowing us
to isolate the LISW anisotropy contribution. These cross-correlations and certain
statistical estimators have been successfully used to provide a physical evidence for
dark energy 23 to derive constraints on the dark energy?#25 or neutrino masses28
to detect coupling between dark energy and dark matter at low redshifts 27 and
other issues. But also provides a mechanism for differentiating dark energy from a
modified gravity, even for an identical background expansion2829 which is the case
we are dealing with.

Although a complete study, based on new cross-correlations, is out of the scope
of the current paper, we will present below some preliminary results in this regard.
With this aim, next we will compare some cross-correlations theoretical predictions
for GR and AR-VTG, and for that purpose, let us first introduce and define some
suitable useful concepts.

The temperature fluctuation due to the LISW effect in a certain direction 7y is
provided by the expression

AT (42
— (1) = —2/e B (i, 2)dz, (20)

where e~™(?) is the visibility function of the photons, and & is the gravitational
potential in the Newtonian gauge. The observed density contrast for a certain direc-
tion ng is given by

5y(1) = [ 8(2)"5 (2o (i, ) (21)

where b,(z) is the galaxy bias, dN /dz is the selection function of the survey, and
O is the matter density fluctuation. For a certain map of CMB anisotropies and
a survey of galaxies, the cross-correlation and the auto-correlation function are
defined as

CT1(6) = (S ()b (i) ) (22)
and

C99(0) = (04(71)d4(R22)), (23)

with the average, denoted by the angular brackets, carried over all the pairs at the
equal angular distance 6 = |fi1 — 7i2]. For computing purposes, we decompose these
quantities using the Legendre polynomials P, as
oo
2041
cTo(9) = 3 22T p cos(0)], (24)

47
(=2

the cross-correlation and the autocorrelation power spectra are obtained from

- dk

C, 9 =4r ?AQ(k)I}SW(k)IéJ(k), (25)
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and
dk
k
respectively. The function A(k) is the matter power spectrum, and the two integrals
functions ISV and I}V are defined as follows:

Cf" = 4w A2 (k)7 (k)I7 (k), (26)

sV = —2/6_7”(z) %jdkr(z)]d@ (27)
and
1 = [ 0,5 0% (ilbr () (23)

where @y, 6% are the Fourier components of the gravitational potential and matter
perturbations, respectively, j¢[kr(z)] are the spherical Bessel functions and r(z) is
the comoving distance at redshift z. In order to compute those related quantities,
a new version of the CROSS-CMBFAST 24 say VTCROSS-CMBFAST, which in
turn is an adaptation of the well-known CMBFASTEY code, is used. In order to 20
ahead with the calculations, some functions are still needed, these are: the galaxy
bias by(z), and the selection function of the survey dN/dz. Let us consider a very
simple model with by(z) = 1 and dN/dz ~ 22 exp[—(10z)""], that is we select a
Gaussian distribution for selection function of the survey as in Ref.[24. With this set
of options and VTCROSS-CMBFAST, the correlation function C79(6) is calculated
for the models: AR-VTG best fit (see Table[dl), ACDM-2013 (row 1 in Table[Z) and
AR-VTG with D = 4 x 108 (the model introduced in Sec. B2).

The results are represented in Fig. Bl In this figure, one observes that both
models are quite similar; there are relative differences of a ~ 3% located in the

0.3 T T 0.3 T T 0.035 —
0.031 // N
// \\
/ \
/ \
0.025 ! \
/ \
/ \
/ \
/ \
” b 1 teo \
< 015 0.02 ! \
iy == | \
S i \
o 0.015F v
1 \
/ \
/ \
/ \
0.01r / 1
! \
| \
| \
/ \
0.005 "l y
4
-0.05 + + -0.05 + + 0= - - -
100 102 100 102 10 12 14 16
6 deg 0 deg 6 deg

Fig. 8. (Color online) Left (middle) panel represents the Cry(6) correlations, the solid line has
been built using the ACDM-2013 parameters model while the red dashed (dotted) one corresponds
to AR-VTG best fit (AR-VTG with D = 4 x 10%) settings. In the right panel, dotted (dashed)
line provides the relative deviations in the 9 < § < 17 range.
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range 9 < 6 < 17, in fact the main contribution to a C77 multipole corresponds to
0 = /¢, so it’s something that might be expected. This is the corresponding ¢ range

where we found (in the previous section) C/T deviations between the compared

models. The relative differences (559; are defined in the same way we did in Sec.
for &5l

4. On the Generation of Absolute Deviations 6?1’5

After analyzing the nature of the differences between the CMB anisotropies in GR,
and AR-VTG, let us study how these differences are generated between redshifts
10 and 0. To do that, the differences have been estimated while the redshift varies
from 10, to 5, 4, 3, 2, 1 and 0. Results are presented in Fig. [, where each panel
corresponds to one of the above redshift variations, which is given above the panel.

For the ACDM-2013 parameters, the black dashed lines (ACDM model of GR)
must be compared with the red dashed lines (AR-VTG with D = 4 x 108). The sep-
aration between these lines measures the differences between the CMB anisotropies
in GR and AR-VTG. Top left panel shows that, for 10 > z > 5, these Ay differences
reach only a few tenths of uK?, and for 10 > z > 3 (top right panel) a few puK?;

hence, we can conclude that the differences are essentially generated for 3 > z > 0.
See bottom panels for details.

10>z2>5 10>2>4 10>2>3

Af ,LLKZ
.

0.5 \

10>2>0

Fig. 9. (Color online) LISW contributions to A, generated in the redshift intervals indicated

above the panels. There are two black and two red curves in each panel. Black (red) dashed lines
show LISW contributions to A, for ACDM-2013 in the ACDM model of GR (AR-VTG with
D =4 x 10%). Same for black and red dotted lines in the ACDM-2015 parameter configuration.
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Fig. 10. Representation of the 3291 quantities in terms of ¢. Left: for the left bottom panel of
Fig. Bl Center: for the central panel of Fig.[B. Right: for the right bottom panel of Fig. @

The same may be concluded, for the ACDM-2015 parameters, from the com-
parison between black dotted lines (ACDM model of GR) and red dotted lines
(AR-VTG with D = 4 x 10%); hence, the conclusion that the differences between
the CMB anisotropies in GR and AR-VTG is mainly generated for 3 > z > 0, is a
robust conclusion almost independent on the selected parameters.

5. Discussion and Conclusions

Our main conclusions are the following: The total absolute A, deviations, between
the ACDM model of GR and AR-VTG with D = 4 x 108, are due to the LISW
effect (including R1). These deviations are essentially produced between redshifts
3 and 0 with the main part generated for z < 1. The relative deviations are close
to 6% for 10 < £ < 20 and greater than 1% for 2 < £ < 60.

Up to now, the nature of the aforementioned deviations has been suggested
by the fact that the dotted and dashed lines of three panels are almost identical
to the eye. These three panels are the left bottom panel of Fig. @l (ACDM-2013
parameters with reionization), the central panel of Fig. 5] (ACDM-2013 parameters
without reionization), and the right bottom panel of Fig.[4l (ACDM-2015 parameters
with reionization). Let us now prove that the relative differences, 55‘31, between the
dotted and the dashed lines of each of these three panels are smaller than the relative
errors of CAMB and VTCAM calculations, which, based on our hard numerically
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computational tests and the settings we fix in terms of a balance between accuracy
and performance, may be estimated to be around 1%. These relative differences are
ol = 2[]62bs (dot) — 2% (dash)|]/[62P* (dot) + 625 (dash)]. Quantities 45! are given
in the three panels of Fig. [Tl In any case, these quantities are smaller than 0.001
and, consequently, they are smaller than the numerical errors.

The LISW effect, relevant for ¢ < 100, is produced at low redshifts and, con-
sequently, it may be detected by looking for cross correlations between the CMB
temperature distribution and tracers of the dark matter distribution on large spa-
tial scales®? This kind of detection has been recently achieved by using Planck data
and appropriate tracers; see Ref. 31, where it is claimed that some detected cross-
correlations are compatible with the ACDM predictions; although other models
may also be admissible. Previous detections are also listed in Ref. 3Tl

Since the LISW effects are distinct in the ACDM model of GR and in AR-VTG
with D = 4 x 108, with small relative differences (reaching values close to 6%), as it
has been mentioned at the beginning of this section, the cross correlations predicted
in the contexts of both models should be also different although comparable and;
then, the question is: Could we select one of these models by comparing the cross-
correlations predicted in them with those observed? Could we do that with high
statistical significance? In Sec. Bl we have outlined what could be a continuity way
for this research, in such a case, we should use more complex models and estimators.
A deep study on this line is out of the scope of this paper, but could lead to the
selection of one of the AR-VTG models in future.
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