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We show that, in the presence of massive neutrinos, the Galileon gravity model provides a very good fit
to the current cosmic microwave background (CMB) temperature, CMB lensing and baryonic acoustic
oscillation data. This model, which we dub vGalileon, when assuming its stable attractor background
solution, contains the same set of free parameters as lambda cold dark matter (ACDM), although it leads to
different expansion dynamics and nontrivial gravitational interactions. The data provide compelling
evidence (Z60) for nonzero neutrino masses, with Xm, 2 0.4 eV at the 2¢ level. Upcoming precision
terrestrial measurements of the absolute neutrino mass scale therefore have the potential to test this model.
We show that CMB lensing measurements at multipoles / < 40 will be able to discriminate between the
vGalileon and ACDM models. Unlike ACDM, the vGalileon model is consistent with local determinations
of the Hubble parameter. The presence of massive neutrinos lowers the value of og substantially, despite of
the enhanced gravitational strength on large scales. Unlike ACDM, the vGalileon model predicts a negative

ISW effect, which is difficult to reconcile with current observational limits.
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I. INTRODUCTION

The Galileon gravity model, proposed by Refs. [1-3],
offers an alternative to the concordance lambda cold dark
matter (ACDM) model to explain the late time cosmic
acceleration. In this model, a scalar field (dubbed the
Galileon) drives sizeable modifications to gravity on large
scales, which can nevertheless be suppressed near massive
bodies by the Vainshtein mechanism [4]. The latter allows
the theory to pass the stringent Solar System tests of gravity
[5]. The so-called quartic and quintic sectors of the
Galileon model suffer from a number of theoretical and
observational complications. These include the relatively
small energy cutoff below which the theory is phenom-
enologically well defined [1,6], and possible time varia-
tions of the effective gravitational strength on Solar System
scales that cannot be suppressed by the Vainshtein mecha-
nism [7-10]. Here, we focus on the portion of the parameter
space that avoids these problems, which is known as the
cubic Galileon model. This model was, however, thought to
be unable to fit the currently available observational data,
due to its strong integrated Sachs-Wolfe (ISW) effect,
enhanced matter clustering on large scales [11,12] and
difficulties in matching the position of the baryonic
acoustic oscillation (BAO) peak.

The above-mentioned observational tensions are seen in
Galileon models where neutrinos are treated as massless
particles. However, the inclusion of massive neutrinos
in cosmological studies should be mandatory following
the detection of neutrino flavor oscillations in solar,

1550-7998/2014,/90(2)/023528(6)

023528-1

PACS numbers: 98.80.Es, 04.50.Kd, 14.60.Pq, 98.70.Vc

atmospheric and reactor experiments [13]. These have
placed bounds on the mass-squared differences of the three
neutrino species, which imply Zm, > 0.06 eV for a normal
mass ordering, and Xm, > 0.1 eV for an inverted mass
ordering (Xm, is the sum of the three neutrino masses).
Currently, the most stringent upper bounds on Xm, come
from cosmological observations, although these are highly
model and data-set dependent. Here, we investigate the
impact that massive neutrinos have on Galileon gravity
cosmologies. Our main conclusion is that the presence of
sufficiently massive neutrinos in Galileon gravity models
results in an alternative cosmological scenario to ACDM
that is consistent with the currently available cosmological
data, and that is testable by future cosmological and
laboratory experiments.

II. BACKGROUND
The Einstein-Hilbert action of the cubic Galileon model

is given by

R 1 1
S:/d4X\/—g|:@—EC2£2—§C3E3—,Cm s (1)

where g is the determinant of the metric g,,, R is the Ricci
scalar, the model parameters ¢, and c; are dimensionless
constants, and £, and L5 are given by

2
L, =V, Vg, Ly = WDW,,W"@, (2)
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in which ¢ is the Galileon field and M?® = My Hj},
where Mp, is the reduced Planck mass and Hy =
1004 km/s/Mpc is the present-day Hubble expansion rate
(the subscript O denotes present-day values). The action of
Eq. (1) is invariant under the Galilean shift transformation
0,9 — 0,9 + b, (for constant b,), hence the name of the
model. The interested reader can find the FEinstein and
Galileon field equations as Eqgs. (4)—(7) of Ref. [11]. The
Friedmann equation is given by 3H>=«[p,+p,,+p,+7,)
where k = M 512 = 8zG and p,, p,,, p, are, respectively, the
background energy density of radiation, matter (baryons
and cold dark matter) and massive neutrinos; the back-
ground energy density and pressure of the Galileon field are
given, respectively, by

- :szi’z 6c3p°H | Kp :Cz¢2_203¢¢2
vT T T vT 2 T H

(3)

and w, = p,/p, is the Galileon field equation-of-state
parameter (an overdot denotes a partial derivative with
respect to physical time). The background Galileon field
equation of motion is given by

) 6c3 . . . . o
0 = c3[p + 3¢H] +H—§[2¢¢H+3¢2H2 +¢*H].  (4)
0

Note that in writing Eqs. (3) and (4) we have made the
substitution ¢/Mp, — ¢. Reference [14] showed that dif-
ferent initial conditions of the Galileon background equa-
tions eventually merge into a common time evolution called
a tracker solution. The latter is characterized by the relation
@H = constant = £H?2, where & is a dimensionless con-
stant. In Refs. [15] and [16], it was found that, in order for
the Galileon models to fit the low-/ cosmic microwave
background (CMB) data, the background evolution should
reach the tracker well before the onset of the accelerated
expansion. Before this epoch, the impact of the Galileon
field is negligible. As a result and without any loss of
generality, when constraining the Galileon model, we can
assume that the background follows the tracker at all
cosmological epochs. Assuming a spatially flat universe
(i.e., a vanishing curvature density, ;, = 0), the expansion
rate on the tracker is given analytically by

(H(@)/Ho)? = 5 [Qu0a™ + Q0™+, (a)

1
+ E \/[Qmﬂa_3 + gzr()a_4 + Qv(a)]z + 49(/}09
(5)

where  Q,(a) = Q,0p,(a)/Pyo, o = Pio/Peos  Ryo =
1 _QmO_QrO_QDO’ KpPco :3H% and a = 1/(1 +Z) iS
the scale factor (z is the redshift). As first pointed out in
Ref. [14], not all of the Galileon parameters (in our case ¢,,
c3 and &) are independent because of a scaling degeneracy.
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For instance, on plugging the tracker relation into Egs. (3) it
can be noted that the resulting expressions do not change
under the transformations ¢, — c¢,/B?, ¢; — c¢3/B> and
& — £B, for any constant B. This holds for all physical
quantities, including the perturbed ones. Fixing one of the
model parameters is the easiest way to break the scaling
degeneracy. The most natural way of doing so is to fix
¢, = —1, so that £, becomes the standard kinetic energy
term, but with the opposite sign. By plugging the tracker
relation into the present-day Friedmann equation and the
Galileon field equation of motion, we obtain the constraints
&= ,/6Q, and c3=1/(6,/6Q,). In this way, the
physics of the Galileon model is completely specified by
Q, (note that ¢, = —1), with no free functions to tune such
as, for instance, in f(R) gravity [17] (see also [18-20]). The
Galileon model studied here therefore contains the same
free parameters as ACDM, although it has different back-
ground dynamics and gravitational interactions.

Here, we focus on the large-scale structure constraints
that can be derived using linear perturbation theory. In this
regime, the modifications to the growth of structure
induced by the Galileon field can be captured by defining
an effective time-dependent gravitational strength, which is
given by

Gesr Q0

B H(a Q0 -
¢ = iy

"2 Ha)? T H @)/ H)

(6)

For later stages of structure formation, the picture becomes
more complex due to the nonlinearities of the screening
mechanism [9,11,21].

III. METHODOLOGY

Our results were obtained with the publicly available
CAMB [22] and CosmoMC [23] codes, both modified
for Galileon cosmologies [15,16]. In addition to Xm,,
we fit the physical energy density of baryonic matter
and cold dark matter, Q,0h*> and Q. h?, respectively;
the approximate CMB angular acoustic scale Gyc (this
is a CosmoMC parameter); the optical depth to reioniza-
tion 7; and the scalar spectral index n; and amplitude A;
(at k = 0.05 Mpc™!) of the primordial power spectrum. We
also quote constraints on the rms linear matter fluctuations
at 8 Mpc/h, og, which is a derived parameter.

We consider three data combinations. The first data set
(denoted P) comprises the Planck data for the temperature
anisotropy power spectrum, including the low-/, high-/ and
low-/ combined with WMAP9 polarization data [24,25].
This piece of the likelihood also contains nuisance param-
eters used to model foregrounds, and instrumental and
beam calibrations. The PL data set adds to P the data for
the lensing potential power spectrum measured by the
Planck satellite [26]. At the current level of precision of the
CMB lensing data, we can ignore nonlinear corrections on

023528-2



MODIFIED GRAVITY WITH MASSIVE NEUTRINOS AS A ... PHYSICAL REVIEW D 90, 023528 (2014)

‘.: 1 1 ’ ’ " ’ " "
e NN L oo
S AT 1 |
e .~ e 1 L
o 0.160 + ‘\ ~\ \‘ ~\\ ! ! 0.90 r .
2 RN RN ! ' Blue : Galileon
o 01551 NN oo s, ' ' T 0.85 Red :vGalil
T RSN .. s : o ed : vGalileon
o MSERAN N : ' ﬁ Green: vYACDM
= 0.150 . . S ' 0.80 r .
Q‘% AR ' X Filled : PLB
0.145 + N s i % L Dashed: PL
:— Blue : Galileon “~. ! . 5 075 ...
Q . Y ; ~ ~~ \~~
% 0.140 } ted  :vGalileon E E N 0.70 - N -
S Green: vYACDM Ty ! oo, Thell el
0.135r  Fjlled : PLB 0 ' RN 0.65 :\\ RRCTON R
0130 Dashed: PL ; e
: 0.55 0.60 0.65 0.70 0.75 0.80 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
h ¥m,

FIG. 1 (color online). Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB
(filled) data sets for the base Galileon (blue), vGalileon (red) and vACDM (green) models. In the left panel, the vertical bands indicate
the 68% confidence limits of the direct measurements of & presented in Ref. [30] (open dashed) and Ref. [31] (grey filled). In the right
panel, the horizontal bands indicate the 95% confidence interval on og obtained using the PL (open dashed) and PLB (blue filled) data

sets for the base Galileon model (which does not contain massive neutrinos).

the angular scales probed. Finally, the PLB data set also
includes the BAO measurements from the 6dF [27], SDSS
DR7 [28] and BOSS DR9 [29] galaxy surveys.

To illustrate the impact of Xm,, we consider two
Galileon models: one in which the number of massive
neutrinos N ... = 0 and m, = 0 (we call this the base
Galileon model), and another for which N} .. . =3 and
Xm, is a free parameter (we call this model vGalileon). At
the precision of the current data, the impact of the neutrino
mass splitting is negligible, and hence, one can assume that
the three neutrino masses are quasidegenerate (m; = m,
=ms =m, > 0.1 eV). Analogously, we also consider a
vACDM model, which we use for comparison and to
establish a reference to assess the goodness of fit of the
Galileon models. We always fix the effective number of

TABLE 1.

relativistic neutrinos N%; = 3.046. In future work, we plan
to relax this to study the effect of extra relativistic degrees
of freedom, e.g. sterile neutrinos.

IV. OBSERVATIONAL CONSTRAINTS

Figure 1 shows marginalized two-dimensional 95%
confidence level contours and Table I summarizes the
likelihood statistics for different data combinations. The
best-fitting CMB temperature spectrum, CMB lensing
spectrum and linear matter power spectrum are shown in
Fig. 2. As indicated by the larger values of y?, the base
Galileon model provides a much poorer fit to the data than
ACDM models. This becomes even clearer as more data
sets are considered. In particular, this model fails to provide

Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting

x> = =2 In L values (where L is the likelihood) of the components of the P, PL and PLB data sets. The goodness of fit of the Galileon

models can be inferred by comparing the respective y? values with vACDM, which has been shown to be a good fit to these data in [25].
The lower part of the table shows the 1o limits on the cosmological parameters obtained for the PL and PLB data sets (h and oy are

derived parameters).

Parameter/data set Base Galileon vGalileon vACDM
(r3;——;——) (9829.8; ——; ——) (9811.5; ——; ——) (9805.5; ——; ——)
(3t ——) (9834.6;8.0; —) (9811.6;4.4; ——) (9805.3;8.8; —)

pix1:X8)

100Q,0h>: (PL, PLB)
Q.h*: (PL,PLB)
10*0\ic: (PL, PLB)

7. (PL,PLB)

ng: (PL, PLB)
In(10'°A,): (PL, PLB)
Tm,[eV]: (PL, PLB)
h: (PL,PLB)
og(z=0): (PL, PLB)

(9834.6;22.2;8.0)
(2.233 4+ 0.028;2.177 + 0.024)
(0.116 = 0.002; 0.124 + 0.002)

(104.17 £ 0.061; 104.05 £ 0.058)

(0.067 £ 0.011;0.052 £ 0.010)

(0.970 £ 0.007; 0.952 + 0.006)

(3.034 £ 0.020;3.019 £ 0.019)
(Ofixed ; O fixed)

(0.800 £ 0.013;0.758 £ 0.009)

(0.935 4+ 0.010;0.944 £ 0.010)

(9813.5;4.5;1.0)
(2.161 £ 0.030;2.194 + 0.024)
(0.123 £ 0.003;0.119 £ 0.002)

(104.04 £ 0.066; 104.10 £ 0.056)

(0.087 £0.012;0.088 £ 0.013)
(0.948 £ 0.009; 0.960 + 0.006)
(3.085 £ 0.023; 3.081 £ 0.024)
(0.980 + 0.237;0.651 £ 0.106)
(0.663 £ 0.030;0.712 £ 0.010)
(0.733 £ 0.042;0.792 £ 0.025)

(9805.4;8.7;1.4)
(2.182 +0.035;2.214 + 0.025)
(0.121 £ 0.003;0.118 £ 0.002)

(104.08 £ 0.073; 104.14 + 0.057)

(0.091 + 0.013;0.092 + 0.013)
(0.954 + 0.009; 0.963 + 0.006)
(3.093 + 0.024; 3.090 + 0.024)
(< 0.551; < 0.127)
(0.634 £ 0.036; 0.677 & 0.009)
(0.757 + 0.056; 0.816 + 0.018)
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FIG. 2 (color online). CMB temperature anisotropy (top), CMB
lensing (middle) and linear matter power spectra (bottom) of the
best-fitting base Galileon (blue), vGalileon (red) and vACDM
(green) models for the PL (dashed) and PLB (solid) data sets. In
the upper and middle panels, the data points show the power
spectrum measured by the Planck satellite [25,26]. In the lower
panel, the data points show the SDSS-DR7 Luminous Red
Galaxy host halo power spectrum as presented in Ref. [32],
but scaled down to match approximately the amplitude of the
best-fitting vGalileon (PLB) model.

a reasonable fit to any of the PLB data sets, e.g.
Hiensing = 22, for 8 degrees of freedom; and ygao =8
for 3 degrees of freedom (it is not straightforward to quote
the number of degrees of freedom for the CMB temperature
data, due to the way in which the low-/ data are analyzed).

These observational tensions can be understood as
follows. The angular acoustic scale of the CMB fluctuations
isgivenby 6* = r;/d}, wherer; = [* c,dz/H(z)andd} =
Jo dz/H(z) are, respectively, the sound horizon and the
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comoving angular diameter distance at the redshift of
recombination z,; ¢, = 1//3(1 + 3p,/(4p,)) and p;, and
p, are the energy densities of baryons (b) and photons (y). The
constraints on §* are practically the same in the Galileon and
ACDM models, since its value is related to the CMB acoustic
peak positions, which makes it essentially model indepen-
dent. For fixed cosmological parameters, H(a) is the same at
early times in the Galileon and ACDM models [cf. Eq. (5)].
Hence, r; is also the same. At late times, however, H(a) is
smaller in the Galileon model thanin ACDM [cf. Eq. (5)], due
to the phantom nature of the tracker solution, w,, < —1 [14].
The lower expansion rate increases dj, which lowers 6*. In
order to compensate for this and preserve the peak positions,
the CMB temperature data prefer higher values of & for the
base Galileon model. Adding the CMB lensing data slightly
lowers the matter density to reduce the amplitude of the
predicted lensing power spectrum (although not shown, the
best-fitting C ;M of the base Galileon model for the P data set
is similar to that for the PL B data set in Fig. 2). This increases
both r; and 7}, but it affects the latter more. By the above
reasoning, & is further pushed towards larger values (blue
dashed in Fig. 1). This, however, clashes with the preference
of the BAO data for lower values of  and higher values of the
total matter density (blue filled in Fig. 1). This modifies both
ry and d); to maintain the observed acoustic scale, buthas also
an impact on the amplitude of the CMB temperature and
lensing spectra, which triggers shifts in n,, A; and 7 to
optimize the fit. However, all of these shifts in the parameters
do not lead to a perfect compensation, which results in the
poorer fit of the base Galileon model. In particular, in addition
to the poor fit to the BAO measurements, the best-fitting base
Galileon model to the PLB data set overpredicts the
measured lensing potential power spectrum and has an
excess of ISW power in the low-/ region of the CMB
temperature spectrum (solid blue lines in Fig. 2). The latter
is caused by a rapid late-time deepening of the gravitational
potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the
total matter density today, which increases H(a) at late
times [cf. Eq. (§)]. A larger value of Xm, can therefore
mimic the effects of increasing i on the value of d}
(note that Q, « Xm,). In Fig. 1, it is shown that, if Xm,, is a
free parameter, then the PL data set no longer prefers high
values for i (red dashed). This eliminates the tension with
the BAO data, as indicated by the overlap of the PL and
PLB contours (red filled) for the wvGalileon model
(compared with the corresponding mismatch found for
the base Galileon model). The goodness of the fit of
vGalileon becomes also substantially better for all the data
combinations, as indicated by the y? values of Table 1. The
modifications introduced by the massive neutrinos cause
the gravitational potentials to deepen less rapidly with time,
which reduces the ISW power at low-/ (red curves in
Fig. 2). Compared to vACDM, there is still a slight excess
of ISW power, but the larger error bars on these scales do
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not allow more stringent constraints to be derived. The fit to
the lensing power spectrum is also much better in the
vGalileon case, relative to the base Galileon model.
Compared to vACDM, vGalileon yields a slightly better
fit, as it predicts a higher amplitude for C;M’ in the range of
multipoles [ ~ 40-80 and the power decreases more rapidly
at higher multipoles. It is noteworthy that for / <40,
the vGalileon and ACDM models make very distinct
predictions. As a result, future CMB lensing measurements
on these larger angular scales have the potential to
distinguish between these two scenarios. For completeness,
we note that allowing for €; < 0 also lowers d7, and as a
result, can also ease the tension between the CMB and the
BAO data. The impact of nonzero €2, on the ISW effect and
CMB lensing is left for future work.

We do not include data from type Ia supernovae (SNIa).
However, as a test, we have checked the impact of adding
the data from the three year sample of the Supernova
Legacy Survey (SNLS) [33] to the PLB data set. We find
that the SNIa data slightly refines the constraints, without
shifting the confidence contours from their central values.
The relative goodness-of-fit of the vGalileon and vYACDM
models barely changes.

V. DISCUSSION

We now discuss the impact that additional data can have
in further constraining the parameter space of the
vGalileon model.

The vertical bands in the left panel of Fig. 1 show the 1o
limits on & obtained using Cepheid variables reported in
Refs. [30] (open dashed) and [31] (grey filled). We opted
not to include these data in our constraints, since the
systematic uncertainties on these measurements are not yet
completely understood (see e.g. Ref. [34] for a discussion).
Nevertheless, taken at face value, the vGalileon model is
consistent with these measurements. Adding a prior for 4 to
the PL B data set would then favor vGalileon over vACDM.

The release of the Planck data has revealed an additional
tension faced by ACDM models concerning the normali-
zation of the matter density fluctuations. Specifically, the
value of oy inferred from the CMB temperature and lensing
data seems to be larger than the values inferred from galaxy
lensing or cluster number counts [25,35]. Recently,
Refs. [36,37] have shown that the inclusion of sufficiently
massive neutrinos can improve the fit of ACDM to these
data, but some residual tension remains. Figure 1 shows
that the values of og in the vGalileon model are substan-
tially smaller than in the base Galileon model, being
comparable to those of YACDM (see also the bottom panel
of Fig. 2). It is therefore of interest to check whether or not
the above tension in ACDM is also present in vGalileon.
This requires a proper modeling of nonlinear structure
formation (e.g. modeling of small scale clustering and halo
mass function) in vGalileon cosmologies, which is left for
future work (see e.g. [11,21,38] for steps in this direction).
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The high energy part of the Tritium f-decay spectrum
offers a robust way to directly measure neutrino masses in a
model independent way. The MAINZ and TROITSK
experiments have determined Xm, < 6.6 eV (at 20), but
upcoming experiments such as KATRIN will be able to
improve the sensitivity to Xm, < 0.6 eV (see e.g. [39] for a
recent review). If light neutrinos are Majorana particles
and provide the dominant contribution, neutrinoless double
p-decay experiments will be able to achieve even higher
precision, probing completely the quasidegenerate spec-
trum for which Xm, = 0.3 eV (see e.g. [40] for a recent
review). All these experiments are expected to reach their
forecast sensitivity in a few years’ time. This will bring the
terrestrial constraints on Xm,, into a regime where they can
be used to further test the vGalileon model, for which
xm, 2 0.4 eV (at 20) using cosmological data (cf. Fig. 1).

The vGalileon model predicts a negative sign for the ISW
effect due to the late time deepening of the gravitational
potentials. This result is at odds with the current observa-
tional suggestions that the sign of the ISW effect is positive
(see e.g. [41-43]), as it is in ACDM. However, some
skepticism has been raised about some of these observational
results [44-50]. Furthermore, in the vGalileon model there is
also the additional role that the Vainshtein mechanism may
play in alleviating a potential observational tension. This
requires more complete modeling of nonlinear structure
formation, and as such, it is left for future work.

In conclusion, the vGalileon model emerges as a simple
and attractive alternative to ACDM that is testable with
future cosmological and particle physics experiments.
Further studies of this model will be of interest not only
in understanding better the role that massive neutrinos can
play in modified gravity theories, but also in the planning
and interpretation of the results from ongoing and future
observational missions.
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