
 

Do current cosmological observations rule out all covariant Galileons?

Simone Peirone,1 Noemi Frusciante,2 Bin Hu,3 Marco Raveri,4,1 and Alessandra Silvestri1
1Institute Lorentz, Leiden University, P.O. Box 9506, Leiden 2300 RA, The Netherlands

2Instituto de Astrofisica e Ciências do Espaço, Faculdade de Ciências da Universidade de Lisboa,
Edificio C8, Campo Grande P-1749016, Lisboa, Portugal

3Department of Astronomy, Beijing Normal University, Beijing 100875, China
4Kavli Institute for Cosmological Physics, Enrico Fermi Institute, The University of Chicago,

Chicago, Illinois 60637, USA

(Received 23 November 2017; revised manuscript received 20 February 2018; published 19 March 2018)

We revisit the cosmology of covariant Galileon gravity in view of the most recent cosmological data sets,
including weak lensing. As a higher derivative theory, covariant Galileon models do not have a ΛCDM
limit and predict a very different structure formation pattern compared with the standard ΛCDM scenario.
Previous cosmological analyses suggest that this model is marginally disfavored, yet cannot be completely
ruled out. In this work we use a more recent and extended combination of data, and we allow for more
freedom in the cosmology, by including a massive neutrino sector with three different mass hierarchies. We
use the Planck measurements of cosmic microwave background temperature and polarization; baryonic
acoustic oscillations measurements by BOSS DR12; local measurements of H0; the joint light-curve
analysis supernovae sample; and, for the first time, weak gravitational lensing from the KiDS
Collaboration. We find, that in order to provide a reasonable fit, a nonzero neutrino mass is indeed
necessary, but we do not report any sizable difference among the three neutrino hierarchies. Finally, the
comparison of the Bayesian evidence to the ΛCDM one shows that in all the cases considered, covariant
Galileon models are statistically ruled out by cosmological data.
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I. INTRODUCTION

Covariant Galileon (CG) models [1] are a class of scalar-
tensor theories belonging to the broader class of generalized
Galileons, i.e. scalar-tensor theories with second order equ-
ations of motion [2,3]. Galileon theories have gained interest
in recent years because they allow for self-accelerating
solutions that could describe both the inflationary epoch
and the late time accelerated expansion [4–7].
Along with a modification of the background expansion

history, CG models lead to peculiar features in the large
scale structure [8–10], in particular contributing to enhanc-
ing the low-l part of the cosmic microwave background
(CMB) lensing spectrum. Quartic and quintic models
(namely those including terms up to quartic and quintic
order in the scalar field, respectively) are preferred by
Planck data because they predict a lower impact of the
integrated Sachs-Wolfe (ISW) effect, but at the same time it
is hard for them to pass the Solar System constraints, which
are better accommodated by the cubic model (as previously,
this model contains three copies of the scalar field).
Moreover, as shown in [9], the CG model prefers nonzero
neutrino masses at over 5σ, which in turn affect the H0

estimation, making it compatible with local measurements.
In this paper we analyze the cosmology of CG models in

light of the current cosmological observations, including,

for the first time, data from the weak gravitational lensing
(WL) survey of KiDS [11–13]. Previous works [8–10] have
shown that for the CG model it is hard to provide a fit to
data better than the standard cosmological model and a
recent analysis showed indeed that the cubic branch can be
ruled out at 7.8σ with data including CMB, baryonic
acoustic oscillations (BAO) and ISW. However the quartic
and quintic models cannot be completely excluded by such
a collection of data. In this work, we extend the analysis by
using more recent data sets and adding the WL measure-
ments, simultaneously allowing for different mass hierar-
chies in the massive neutrinos sector.
The cosmological impact of the mass hierarchy has not

been explored extensively. In general, it is expected that the
sensitivity to the type of hierarchy increases as the bound on
the total mass of neutrinos becomes tighter; see e.g. [14].
Only very recently has it been shown that in the ΛCDM
scenario there is a mild preference for the normal hierarchy
[14–16] and that, in models with a parametrized dark energy
equation of state, different hierarchies seem to have a slight
impact on the dark energy parameters while leaving unaf-
fected the standard cosmological parameters [17].
Additionally, the different hierarchies imply different tran-
sition redshifts from relativistic to nonrelativistic regimes,
and this would leave an impact on the matter power
spectrum. Such an effect has been usually neglected,
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because it is negligible if compared to the effect coming from
the the total neutrino mass. However, data coming from the
last generation of surveys and future experiments, such as
EUCLID, might have the accuracy needed to constraint
these features [18].
Furthermore, the inclusion of new parameters, such as the

parameters specific to the CG model or to the neutrinos
sector, could allow us to ease the tensions between CMB
measurements and low redshift data, concerning both the
local measurements of the Hubble constant as well as WL
measurements. The first-year results from the DES
Collaboration [19,20] show that the CMB-WL tension on
S8 ¼ σ8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm=0.3

p
is somehow reduced from 2.3σ (KiDS vs

Planck) to 1.6σ (DES vs Planck). Similarly, also the
CMB-H0 tension seems to be reduced by the DES mea-
surements, relying on the large error bars of the first-year
release. While these are barely statistically significant, and
likely to be settled, it is still interesting to investigate them
within the framework of extended models such as the CG.
The use of WL data, a novel aspect of our analysis, has a
relevant role in studying the CMB-WL tension.
Finally, the recent multimessenger observation of the

binary neutron star merger [21–23] was shown to cast
stringent constraints on the quartic and quintic Galileon
Lagrangians, practically ruling them out as dark energy
candidates [24–28]. In this work we use a complementary
and entirely independent set of data, from cosmological
observations, and derive very stringent constraints on all
three CG Lagrangians.
The manuscript is organized as follows. In Sec. II, we

review the CG model with its background evolution when a
tracker solution is considered and we summarize the
definitions of the neutrino hierarchies. In Sec. III, we
introduce the Einstein Boltzmann code and the data sets
used for the analysis. In Sec. IV, we discuss the results and
in Sec. V, we draw our conclusions.

II. THE MODEL

A. Covariant Galileons

The Galilean symmetry ∂μϕ → ∂μϕþ bμ (with bμ a
constant) has been considered to construct the most general
action with a metric (gμν) and a scalar field (ϕ), whose field
equations include up to second order derivatives [29], thus
avoiding Ostrogradski instabilities [30]. The first formulation
was in flat space and the generic structure of the Galileon
Lagrangian terms follows ∂ϕ · ∂ϕð∂2ϕÞn−2, up to n ¼ 5, as
higher order Lagrangians are just total derivatives. The same
approach has been generalized on a curved space-time, but in
this case, in order to retain second order field equations and
ensure the propagation of only one additional degree of
freedom, extra termsnonminimally coupled to themetric have
been added to the action [1]. This ended upwith the loss of the
Galileon symmetry, while preserving the shift symmetry. The
resulting model is known as CG and the action reads

SCG ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
m2

0

2
R −

1

2
c2X þ c3

M3
X□ϕ

þ c4
4M6

X2R −
c4
M6

X½ð□ϕÞ2 − ϕ;μνϕ;μν�

þ 3c5
4M9

X2Gμνϕ
;μν þ c5

2M9
X½ð□ϕÞ3

− 3□ϕϕ;μνϕ;μν þ 2ϕ;μνϕ;μσϕ
;ν
;σ�
�
; ð1Þ

where m2
0 is the Planck mass, g is the determinant of the

metric, R and Gμν are respectively the Ricci scalar and the
Einstein tensor, X ¼ ϕ;μϕ;μ is called the kinetic term and f; g
stands for the covariant derivative. Moreover, ci are constant
dimensionless parameters and M3 ¼ m0H2

0, with H0 being
the present time value of the Hubble parameter.
In order to investigate the reliability of this model on

cosmological linear scales, we will exploit the tracker
solution for the background evolution [31]. The tracker
solution relates the scalar field and the Hubble parameter as
follows:

�
H
a

�
2

ψ ¼ ξH2
0 ¼ const; ð2Þ

where ψ ¼ 1
m0

dϕ
d ln a is a dimensionless field, ξ is a dimen-

sionless constant and H≡ da
adτ is the conformal Hubble

parameter. Then, Eq. (2) can be used to obtain the
expansion history H along the tracker [9]. Indeed, assum-
ing the tracker solution and a flat Friedmann-Lemaître-
Robertson-Walker metric with signature (−, þ, þ, þ), the
modified Friedmann equation can be written as follows:

E4ðaÞ ¼ E2ðaÞ
�
Ωm;0a−3 þΩr;0a−4 þ Ων;0

ρνðaÞ
ρν;0

�

þ
�
c2
6
ξ2 þ 2c3ξ3 þ

15

2
c4ξ4 þ 7c5ξ5

�
; ð3Þ

where E ¼ H
aH0

and Ωi;0 stand for the present density
parameters for baryons and cold dark matter (m ¼ b,
cdm), radiation and massless neutrinos (r) and massive
neutrinos (ν). Then, Eq. (3) can be solved to get H. Along
with this equation, one has to consider two further con-
straints: one comes from the flatness condition, which
immediately gives the definition of the present density
parameter for the scalar field,

Ωϕ;0 ¼
c2
6
ξ2 þ 2c3ξ3 þ

15

2
c4ξ4 þ 7c5ξ5; ð4Þ

and the second is obtained by combining the equation for
the scalar field (obtained by varying the action with respect
to the scalar field) and Eq. (2), which gives
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c2ξþ 6c3ξ2 þ 18c4ξ3 þ 15c5ξ4 ¼ 0: ð5Þ

Finally, to avoid scaling degeneracy one has the freedom to
fix c2 ¼ −1 without loss of generality.
In the present work, we will analyze three subclasses of

the CG model and the constraints (4)–(5) will be used to
define the corresponding sets of free parameters as follows:

(i) G3: Cubic model, c3 ≠ 0; fc4; c5g ¼ 0. Using the
constraint relations, one has

ξ ¼
ffiffiffiffiffiffiffiffiffiffiffi
6Ωϕ;0

q
; c3 ¼

1

6
ffiffiffiffiffiffiffiffiffiffiffi
6Ωϕ;0

p : ð6Þ

Thus, in this case the number of free parameters is
the same as in ΛCDM.

(ii) G4: Quartic model, fc3; c4g ≠ 0, c5 ¼ 0. We have

c3 ¼
1

2
ξ−1 − 2Ωϕ;0ξ

−3; ð7Þ

c4 ¼ −
1

9
ξ−2 þ 2

3
Ωϕ;0ξ

−4; ð8Þ

with one extra free parameter ξ.
(iii) G5: Quintic model, fc3; c4; c5g ≠ 0.

Solving Eqs. (4)–(5) for c4 and c5, one gets

c5 ¼
4

3
Ωϕ;0ξ

−5 þ 1

3
c2ξ−3 þ

2

3
c3ξ−2;

c4 ¼ −
10

9
Ωϕ;0ξ

−4 −
1

3
c2ξ−2 −

8

9
c3ξ−1: ð9Þ

Then, one has fξ; c3g as extra free parameters.

B. Mass hierarchies

It is well known that the mass of neutrinos leaves clear
signatures on cosmological observables [32], such as a
modification of the time at which matter-radiation equality
occurs, causing shifts of the first peak of the CMB
temperature and polarization power spectra, via the early
integrated Sachs-Wolfe (eISW) effect; massive neutrinos
also cause the free streaming of density perturbations on
small scales, while behaving like clustering cold dark
matter on larger scales. Cosmological analyses have estab-
lished robust upper limits on the sum of the neutrino masses
of Σmν < 0.13 eV [33], Σmν < 0.12 eV [34] and very
recently Σmν < 0.20 eV [20] at a 95% confidence level.
Measurements of neutrino flavor oscillations imply that at
least two neutrino species have nonzero masses [35] and
the differences of the square of the neutrino masses are
Δ2

12 ¼ m2
2 −m2

1 ¼ 7.5 × 10−5 eV2, from which it follows
m2 > m1 and jΔ2

31j ¼ jm2
3 −m2

1j ¼ 2.5 × 10−3 eV2, with
mi being the mass of the ith massive eigenstate. Since such
experiments can just measure their differences, we are left
with three possible mass hierarchies: the normal hierarchy,

whenm3 is taken to be the largest massm3 ≫ m2 > m1; the
inverted hierarchy, when m3 is considered the smallest
m2 > m1 ≫ m3; and in the final option, the degenerate
hierarchy, eachmass is orders ofmagnitude bigger than each
mass splitting (mj ∼mi ≫ Δij). Thus, all three species are
treated as having effectively the same massm1 ¼ m2 ¼ m3.
In the present analysis we allow for different mass

hierarchies. This will permit us to investigate possible
effects due to the different free streaming length scales
associated to the three neutrino masses and to see if the
current cosmological data have the sensitivity to capture
this effect. Moreover, the additional freedom connected to
the choice of the hierarchy can be essential in order to make
the CG models’ predictions compatible with data.

III. METHOD

A. EFTCAMB

We perform the present analysis by making use of
EFTCAMB/EFTCosmoMC1 [36,37]. These patches have
been obtained by implementing the effective field theory
approach for dark energy and modified gravity (hereafter
EFT) [38–44] into CAMB/CosmoMC [45,46].
In order to implement a specific model in EFTCAMB one

has to implement the background evolution and provide a
mapping between the free EFT functions fΩðaÞ; γiðaÞg,
with i ¼ 1.::6, and the model [38–41,44,47,48]. In the case
under analysis, we have implemented the background
evolution as in Eq. (3) and worked out the mapping as
follows:

Ω ¼ a4

2H4
H4

0ξ
4

�
c4 − 6c5ξ

�
1 −

_H
H2

��
;

γ1 ¼
a2H2

0ξ
3

4H2

�
2c4ξ

�
24 −

Ḧ
H3

− 9
_H
H2

þ 5
_H2

H4

�

þ 3c5ξ2
�
12þ 10

Ḧ
H3

þ 21
_H
H2

þ H
…

H4
− 50

_H2

H4

þ 42
_H3

H6
− 18

_H
H2

Ḧ
H3

�
þ 2c3

�
4 −

_H
H2

��
;

γ2 ¼ −
a3H3

0ξ
3

H3

�
c5ξ2

�
3þ 3

Ḧ
H3

þ 24
_H
H2

− 18
_H2

H4

�

− 2ξc4

�
_H
H2

− 7

�
þ 2c3

�
;

γ3 ¼ −
a4

H4
H4

0ξ
4

�
2c4 þ 3c5ξ

_H
H2

�
; ð10Þ

where dots stand for derivatives with respect to conformal
time, τ. Finally, we have 2γ5 ¼ −γ4 ¼ γ3 and γ6 ¼ 0.

1
EFTCAMB webpage: http://www.eftcamb.org.
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We impose flat priors over the range [0, 10] for the model
parameters c3 and ξ (when needed) and a flat prior over
[0, 1] eV for Σmν, when not set to zero.
Finally, the implementation of the CGmodels in EFTCAMB

has been comparedwith other Einstein-Boltzmann solvers for
modified gravity in a recent work [49], showing subpercent
agreement at all scales of interest. It demonstrates that theEFT
approach is very robust to recover the linear perturbation
theory from the covariant approach.

B. Data sets

In the present analysis we consider the Planck measure-
ments [50,51] of CMB temperature and polarization on
large angular scales, limited to multipoles l < 29 (low-l
Temperature and Polarization likelihood) and the CMB
temperature on smaller angular scales [PLIK Temperature-
Temperature(TT) likelihood, 30 < l < 2508] along with
BAO measurements of the BOSS DR12 (consensus
release) [52]. For the Planck likelihood, we also vary the
nuisance parameters that are used to model foregrounds as
well as instrumental and beam uncertainties. We shall refer
to this data set as PB (Planckþ BAO).We then complement
it with results from local measurements of H0 [53], weak
gravitational lensing from the KiDS Collaboration [11–
13,54] and the joint light-curve analysis (JLA) supernovae
(SN) sample, as introduced inRef. [55]. For theweak lensing
data set, we decide to perform a cut at nonlinear scales, since
the predictions for CG models at those scales are not known
veryprecisely. For this reason,we follow the analyses done in
Refs. [56,57], with the cut in the radial direction k ≤
1.5 hMpc−1 and where the contribution from the ξ− corre-
lation function is removed. In this way the analysis has been
shown to be sensitive to the linear scales only (see Fig. 2 of
[57]). We shall refer at this second data set as PBHWS, i.e.
Planckþ BAOþH0 þWLþ SN. This is the first time CG
theories are being analyzed against such a wide data set,
containing weak gravitational lensing data from KiDS.

IV. RESULTS AND DISCUSSION

We analyze the three different CG models (i.e. G3, G4

and G5) within four different cosmological scenarios,
namely massless neutrinos and massive neutrinos with
the three different hierarchies: normal, inverted and degen-
erate. We will always report also the results for the fiducial
ΛCDM cosmology; thus, we will analyze a total of 16
different scenarios within the two data sets described in
Sec. III B.
In Figs. 2, 3 and 4, we show the joint marginalized

posterior distributions of the cosmological parameters σ8,
Ωm, H0, and Σmν, along with the model parameters ξ and
c3, obtained through the analysis of the G3, G4 and G5

models for all four neutrino configurations. For comparison
with the CG results, in Fig. 1 we show the posterior
distributions of the ΛCDM model.

Let us first consider the case of zero neutrino mass and
focus on the effects that the scalar field of CG models has
on the cosmological parameters. The density parameter of
baryons and cold dark matter, Ωm, is shifted towards lower

FIG. 1. The joint marginalized posterior of ΛCDM runs with
the PBHWS data set. The lines correspond to the 68% C.L. and
95% C.L. regions. Different colors correspond to different
neutrino scenarios as stated in the legend.

FIG. 2. The joint marginalized posterior of G3 runs with the
PBHWS data set. The lines correspond to the 68% C.L. and
95% C.L. regions. Different colors correspond to different
neutrino scenarios as stated in the legend.
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values in the CG cosmologies; on the contrary, σ8
increases. From the different plots we can also see that
the value of H0 is enhanced, easing the tension between
CMB and the local measurements of H0. Furthermore, we
notice that there is no substantial impact of the different
data sets on these parameters; then in the figures we show
only the results obtained with the full PBHWS data set.
We then open the massive neutrino sector. As already

noticed in Ref. [58], all CG cosmologies are compatible
with a detection of the neutrino mass (Σmν ≠ 0). In general,
the value of Σmν for the CG cosmologies is higher (a factor
of 10) if compared to the ΛCDM model best fit; see
Table II. The cosmological parameters turn out to be
affected by the presence of massive neutrinos, as expected,
but the different hierarchies do not lead to a noticeable
difference either on the cosmological or on the model
parameters. The effect of the massive neutrinos on H0 is to
contrast the impact of the scalar field; overall the value of
H0 in those runs remains higher compared to the ΛCDM
one, but still compatible within 2σ error bars. Ωm increases

to higher values with respect to the zero neutrino mass
cases, being now compatible with the ΛCDM case. As a
consequence, σ8 assumes lower values with respect both to
the zero neutrino mass CG cosmologies and the four
ΛCDM scenarios. σ8 assumes the lowest values for the
G3 case. The model parameter ξ in G4 and G5 is not
affected by the inclusion of massive neutrinos and, in
general, in G5 it assumes lower values. Finally, the values
of c3 in G5, in all four scenarios, are compatible within the

FIG. 3. The joint marginalized posterior of G4 runs with
the PBHWS data set. The lines correspond to the 68% C.L.
and the 95% C.L. regions. Different colors correspond to different
neutrino scenarios as stated in the legend.

FIG. 4. The joint marginalized posterior of G5 runs with the
PBHWS data set. The lines correspond to the 68% C.L. and the
95% C.L. regions. Different colors correspond to different
neutrino scenarios as stated in the legend.
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errors; thus, the mean value of c3 is not affected by the
introduction of massive neutrinos, while its error bars are
larger in the massless neutrinos scenario.
The impact of the two different data sets is to move to

slightly bigger values of Σmν in the PBHWSwith respect to
PB. This has the effect of reducing σ8 from 0.933� 0.006
(G5 with

P
mν ¼ 0) to 0.75� 0.02 (G5 with

P
mν ≠ 0,

independent of the hierarchy). For this reason, introducing
massive neutrinos in CG cosmology has the effect of
alleviating the CMB-WL tension [58].
In Fig. 5 we show the deviation of the best fit

CMB TT power spectra, in units of TT variance,
σl ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=ð2lþ 1Þp
CΛCDM
l , for each CG model, computed

with respect to ΛCDM. In the upper panel we show the best
fits from the analysis of PB, while in the lower one we show
the results from PBHWS. As we can see, this deviation is
larger in the case without massive neutrinos. We also see
that there is almost no effect due to the hierarchy.
Furthermore, we infer that G3 always shows the worst

fit to the CMB data, overestimating the CTT
l at low l, while

in G4 and G5 the presence of extra parameters allows for a
better fit. Nevertheless, when passing from G4 to G5, and
thus allowing for a new free parameter (i.e. c3), the fit does
not look improved: in fact, we cannot see a substantial
difference between the two cases, especially when looking
at the full PBHWS data set results. We find that the choice
of the hierarchy does not leave any signatures on the best fit
of the matter power spectrum, as it is possible to grasp from
the mean values obtained for σ8 in the different cases.
Finally, we perform a complete statistical analysis,

including the best chi squared and Bayesian evidence. In
Table I, we show the values of the best fit χ2 for the
different runs and the Bayesian evidence factors (log10 B),
computed as defined in [18,59]. The last column is the
difference between the Bayes factor of the ith CG model

FIG. 5. Deviation in the CMB TT power spectra in units of
TT variance, σl ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=ð2lþ 1Þp
CΛCDM
l , for best fit parameters

for PB (top) and PBHWS (bottom), computed with respect to
ΛCDM.

TABLE I. Values of the best fit χ2 and of the Bayes factors
(log10 B) for the different CG models and data set combinations.
The Bayes factors difference is computed with respect to the
ΛCDM model assuming the same neutrinos scenario and the
same data set. Negative values of the Bayes factor disfavor
the CG model.

Model Data set χ2 log10 B Δ log10 B

ΛCDM PB 5635 −2459 0
ΛCDMþ degenerate PB 5635 −2459 0
ΛCDMþ inverted PB 5635 −2459 0
ΛCDMþ normal PB 5635 −2459 0
G3 PB 5674 −2476 −17
G3 þ degenerate PB 5646 −2463 −4
G3 þ inverted PB 5646 −2463 −4
G3 þ normal PB 5646 −2464 −5
G4 PB 5667 −2474 −15
G4 þ degenerate PB 5643 −2464 −5
G4 þ inverted PB 5644 −2463 −4
G4 þ normal PB 5645 −2463 −4
G5 PB 5663 −2473 −14
G5 þ degenerate PB 5644 −2465 −6
G5 þ inverted PB 5644 −2465 −6
G5 þ normal PB 5644 −2465 −6
ΛCDM PBHWS 6020 −2628 0
ΛCDMþ degenerate PBHWS 6020 −2629 0
ΛCDMþ inverted PBHWS 6020 −2629 0
ΛCDMþ normal PBHWS 6020 −2629 0
G3 PBHWS 6103 −2664 −36
G3 þ degenerate PBHWS 6052 −2640 −11
G3 þ inverted PBHWS 6048 −2640 −11
G3 þ normal PBHWS 6047 −2640 −11
G4 PBHWS 6078 −2652 −24
G4 þ degenerate PBHWS 6035 −2635 −6
G4 þ inverted PBHWS 6034 −2635 −6
G4 þ normal PBHWS 6034 −2635 −6
G5 PBHWS 6079 −2651 −23
G5 þ degenerate PBHWS 6038 −2634 −5
G5 þ inverted PBHWS 6036 −2634 −5
G5 þ normal PBHWS 6038 −2635 −6
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and the value obtained in the ΛCDM run, with the same
hierarchy and data set. This value is interpreted following
the Jeffreys scale that judges odds in favor of one model
exceeding 100∶1, or Δ log10 B > 2, to be decisive in favor
of the model. Looking at the G3 best fits, we see that the
Δ log10 B decreases drastically in the runs without massive
neutrinos. The situation gets better with massive neutrinos,
but without showing any preference for a hierarchy. The
same trend can also be noticed by looking at the right
column in Table I. The Δ log10 B < −4 and the situation
gets worse when the complete data set (PBHWS) is used
(Δ log10 B < −11). This means that, for both data sets, G3

is a worse fit to the data compared with ΛCDM. A similar
result has been shown in Ref. [10], where the authors found
that G3 is effectively ruled out when constrained against
ISW data. Compared to such an analysis, we use a different
data set, which includes weak lensing, obtaining similar
results. One would expect this situation to improve sig-
nificantly in theG4 andG5 runs, since the presence of more
parameters (ξ for G4, ξ and c3 for G5) should give to the
model more freedom to adapt to the data. However, these
are not the cases and the differences in the log10 B exceed
the 4 units, for both models with massive neutrinos
regardless of the data set considered. Such differences in
the Bayes factor exceed the 20 units in the scenarios with
zero neutrino mass in the runs with the full data set. In
summary, the higher Bayesian evidence is always found
when fitting with ΛCDM, with no visible improvement
when allowing the neutrino mass to vary and no effect
coming from the hierarchy, regardless of the data set
combination. Thus, the negative values of Δ log10 B indi-
cate that all the different CG models are strongly disfavored
with respect to ΛCDM. Because such discrepancies in the
log10 B comparison are very large, we consider our con-
clusion exhaustive and very robust.

In conclusion, we claim that all CG models are sta-
tistically ruled out by cosmological data. Thus, we confirm
that the G3 model is excluded by data as previously noticed
in Ref. [10]. More remarkably, the constraining power of
the data sets used in this analysis allows us to exclude G4
and G5 as well, for the first time only by means of
cosmological data. Interestingly this latter result is in line
with the theoretical implications of the measurements of
GW170817 and its electromagnetic counterpart which
severely constrain both G4 and G5 [24–28].

V. CONCLUSION

In this work we have explored the phenomenology of
covariant Galileons in light of the latest releases of cosmo-
logical data. For the first time in the literature CGs have been
constrained against a wide and comprehensive data set,
containingWLmeasurements from theKiDSCollaboration.
As an additional degree of freedom of the theory, we have
allowed for three different mass hierarchies and we have
investigated the corresponding bounds on the CGs and
cosmological parameters with current data. We have first
considered three different CG classes, cubic (G3), quartic
(G4) and quintic (G5) Galileon in order to distinguish the
effect of the different terms in the Lagrangian. Then for each
of them, we have considered four different scenarios: a
cosmology with Σmν ¼ 0, and cosmologies with three
different mass hierarchies, i.e. normal, inverted and degen-
erate. We have included for the same scenarios the ΛCDM
model for comparison and actually distinguish the impact of
the additional scalar field and that of massive neutrinos.
For the analysis presented in this work, we used two

separate data sets as explained in Sec. III, but we did not
find any significant improvement when comparing the
results from PB (Planckþ BAO) with the ones from the

TABLE II. Constraints on cosmological and model parameters at 1σ. These values are obtained through the analysis of the full
PBHWS data set.

Model σ8 Ωm H0 Σmν ξ c3

ΛCDM 0.83� 0.01 0.298� 0.007 68.7� 0.5 � � � � � � � � �
ΛCDMþ degenerate 0.82� 0.02 0.300� 0.007 68.4� 0.6 0.08� 0.06 � � � � � �
ΛCDMþ inverted 0.82� 0.02 0.300� 0.007 68.4� 0.6 0.07� 0.06 � � � � � �
ΛCDMþ normal 0.82� 0.02 0.300� 0.007 68.4� 0.6 0.07� 0.06 � � � � � �
G3 0.928� 0.007 0.266� 0.004 74.6� 0.4 � � � � � � � � �
G3 þ degenerate 0.72� 0.02 0.298� 0.007 70.3� 0.6 0.85� 0.08 � � � � � �
G3 þ inverted 0.72� 0.02 0.297� 0.007 70.3� 0.6 0.85� 0.08 � � � � � �
G3 þ normal 0.72� 0.02 0.298� 0.007 70.3� 0.6 0.85� 0.08 � � � � � �
G4 0.948� 0.008 0.264� 0.005 74.7� 0.5 � � � 2.53� 0.06 � � �
G4 þ degenerate 0.76� 0.02 0.293� 0.007 70.9� 0.6 0.80� 0.09 2.53� 0.07 � � �
G4 þ inverted 0.76� 0.02 0.293� 0.007 70.9� 0.6 0.80� 0.09 2.53� 0.07 � � �
G4 þ normal 0.76� 0.02 0.293� 0.007 71.0� 0.7 0.80� 0.09 2.53� 0.08 � � �
G5 0.933� 0.006 0.264� 0.005 74.7� 0.5 � � � 2.23� 0.03 0.076� 0.006
G5 þ degenerate 0.76� 0.02 0.294� 0.006 70.9� 0.6 0.80� 0.09 2.24� 0.03 0.080� 0.001
G5 þ inverted 0.75� 0.02 0.294� 0.007 70.9� 0.7 0.81� 0.09 2.24� 0.02 0.0796� 0.0007
G5 þ normal 0.75� 0.02 0.292� 0.007 71.0� 0.6 0.81� 0.09 2.24� 0.02 0.079� 0.001
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complete PBHWS (PlanckþBAOþH0þweaklensing þ
supernovae) data set. Thus, we showed the results of the
complete data set containing for the first time measure-
ments from the weak gravitational lensing survey of KiDS.
We confirm that a CG cosmology implies a nonzero

neutrino mass, with Σmν ¼ 0 giving always a bad fit to data
in G3, G4 and G5; see Table I and Fig. 5. The value of the
neutrino mass is higher than in ΛCDM: for the normal
hierarchy we got 0.85� 0.08 eV forG3, 0.80� 0.09 eV for
G4 and 0.81� 0.09 eV for G5, while ΛCDM gives
0.07� 0.06 eV. In view of this relaxed bound, we find no
sizable difference with the other mass hierarchies, indicating
that current data cannot pick up the subtle features in the
matter power spectrumdue to the differences in the relativistic
to nonrelativistic transition redshifts. When including mas-
sive neutrinos, the models considered seem to be really
efficient in solving the CMB-low z tensions, by preferring a
higher value of H0 and lowering σ8 (see Table II).
Nevertheless, a careful statistical analysis, based on the

χ2 and the Bayesian evidence comparison, shows that all
the CG models are a much worse fit to the data, compared
to ΛCDM, for whichever hierarchy is considered (see
Table I), even the models, like G4 and G5, that have extra
free parameters. The results of such a simple analysis are
strong enough to confidently rule out all the CG models. In
the case of G3, this was already noticed in [10], where the
authors found that the cubic Galileon is effectively ruled
out by ISW data. From Fig. 5 we can see that, whichever
CG configuration or hierarchy is used, the model always
give a bad fit for the CMB TT power spectrum at low l. We
can see that including

P
mν ≠ 0 helps in lowering the χ2

by a factor of 3, but still the Δ log10 B, computed with
respect to ΛCDM, is large. These results allow us to claim
for the first time that the entire class of CG models is
statistically ruled out by cosmological data only.

Recently, in [24–28], it was shown that the measure-
ments of the electromagnetic counterpart of the gravita-
tional wave GW170817 [22,23] set stringent theoretical
constraints on the quartic and quintic Lagrangians, practi-
cally ruling out their contribution from the action, unless
they reduce to a standard conformal coupling. The cubic
Galileon is not affected by these bounds. We have shown
that cosmological data alone are able to exclude the
viability of all CG models.
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