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Current cosmological data seem to show that dark energy is evolving in time and that it possibly crossed
the phantom divide in the past. So far the only theories that lead to such a behavior involve a nontrivial
coupling between dark energy, in the form of a scalar field, and the gravitational or matter sector. We show
that there is another possibility involving both a nontrivial kinetic sector in a cubic Galileon theory and a
scalar field potential that breaks the Galileon shift symmetry, which can lead to a similar phenomenology
on large scales. We perform a full Bayesian analysis using the latest cosmological data, including DESI
DR2 baryonic acoustic oscillation measurements, type Ia SNe measurements from DESY5, Union3, and
Pantheon+, and cosmic microwave background data from Planck and ACT. We find that it is statistically
strongly favored over a universe dominated by a cosmological constant (with a Bayes factor of
logB ≃ 6.5). Yet, as with other nonminimally coupled theories, it has severe ancillary gravitational
effects. These can be mitigated to some extent, but as with other viable theories, the penalty is ever more
elaborate scalar field models of dark energy.
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I. INTRODUCTION

The latest constraints on the expansion history of the
Universe, from a combination of data such as baryonic
acoustic oscillations (BAOs), supernovae (SNe), and the
cosmic microwave background (CMB), seem to favor a
time evolving dark energy over the standard Λ-cold dark
matter (CDM) model of cosmology where dark energy is
driven by the cosmological constant Λ [1].
While these findings are still subject to scrutiny, they now

represent a ≃4σ tension, and have sparked a tremendous
amount of interest in the recent physics literature. Topics of
interest include assessing various theoretical proposals for
dynamical dark energy involving scalar fields and their
implications for new physics, such as quintessence [2–17],
modified gravity [18–28], and an interacting dark sector
[29–38]. Much attention has also been paid to whether or not
the cosmological inference is biased depending on different
ways of parametrizing dark energy [39–47], model agnostic
reconstructions [48–52], and deconstructing the data and
assumptions that have gone into the analysis [53–77].

Ashasbeenwidelydiscussed(e.g.,[8,13,18–20,51,78–82]),
assuming the cosmological data is correct and fit for
analysis, one of the most curious persistent features in the
combined data is a preference for a phantom crossing around
z ≈ 0.5, indicating cosmic acceleration that is stronger than
expected with Λ before this time, but weaker than Λ at more
recent times. In this paper, we build on [3,18,19], and further
explore the consequences of assuming that dark energy is
driven by a single scalar field. If we assume dark energy is
driven by a single scalar field, it can be described by a very
general action [83],

S¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

P

2
FðφÞRþKðφÞX −VðφÞ

�
þSm; ð1Þ

where R is the Ricci scalar, MP is the Planck mass,
X ¼ −∂μφ∂μφ=2, and Sm is the action for matter fields.
The form of Eq. (1) is motivated by effective field theory
(EFT), wherewe are concerned with a single scalar degree of
freedom. This scalar degree of freedom can have a kinetic
and potential energy, as well as couple to gravity. This is
represented by the functions KðφÞ, VðφÞ, and FðφÞ which
are in principle free functions of the scalar field φ. The
EFT philosophy provides a systematic approach where one
considers all of the operators which are allowed by locality
and symmetry, and then constructs a hierarchy of terms
which are gradually suppressed by inverse powers of the
energy scale. The phenomenology associated with dark
energy occurs on the largest scales and in the far infrared.
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Furthermore, observations suggest that if dark energy is
dynamical it has only very recently begun thawing which
suggests a small field excursion (Δφ ≪ MP) over this small
portion of cosmic history. Thus, the scalar field operators
most relevant to dark energy will be the lowest order
operators in an EFT expansion.
The simplest, nontrivial possibility (setting F ¼ K ¼ 1)

consists of a minimally coupled, canonical scalar field with
a potential—quintessence [2,3,84–87]. Yet, quintessence
does not seem to be a good description of the cosmological
data [3,19]. One can generalize dark energy by introducing
a nonminimal coupling to gravity (F ≠ 1, while keeping
the kinetic term canonical, K ¼ 1) to find that this is a
much better description of the cosmological data concern-
ing the expansion history. Nevertheless, the nonminimal
coupling introduces a host of other problems in gravita-
tional physics [18,19].
In this paper, we continue this systematic exploration

(see [2,3,18,19,39] for analysis of the previously mentioned
cases). Here, we include a potential and revert to minimal
coupling between the scalar field and the Ricci curvature
(F ¼ 1), but now allow for a non-minimal kinetic sector.
We will show that introducing such nontrivial structures,
again, results in a much better statistical description of the
cosmological data. Yet, as in the nonminimal case, it leads
to ancillary gravitational effects on other scales that must be
dealt with.
Sections II and III situate scalar field dark energy with a

modified kinetic term within the class of Galileon gravi-
tational theories. Section IV describes the cosmological
data and statistical methodology used for comparing dark
energy models and computes the posterior constraints and
phenomenological quantities of interest, demonstrating that
this dark energy model is a far better statistical description
of the cosmological data than ΛCDM or thawing quintes-
sence and performs similarly to the nonminimally coupled
model in [19]. Section V explores the gravitational conse-
quences. Section VI concludes.

II. DYNAMICAL DARK ENERGY

In a homogeneous, isotropic Universe which satisfies the
Einstein field equations, the scale factor of the Universe,
aðtÞ, obeys the Friedmann equations

H2 ¼ 1

3M2
P
ρtot; Ḣ ¼ −

1

2M2
P
ðρtot þ ptotÞ; ð2Þ

where H ≡ ȧ=a, ȧ ¼ da=dt, and ρtot and ptot refer to the
energy density and pressure of all the energy species
present: radiation, matter, and dark energy. Constraints on
the expansion history indicate that the Universe is in a period
of accelerated expansion. Assuming the Einstein field
equations, one then infers that the Universe is dominated
by dark energy at late times, whose effects on the dynamics
of the Universe are completely described by its equation of

state, defined as the ratio

wðaÞ≡ pDE

ρDE
: ð3Þ

The simplest candidates for dark energy are the cosmologi-
cal constant Λ or a scalar field φ. It has become customary,
however, to assess the expansion history data in a less model
dependent way, parametrizing the dark energy equation of
state in terms of two parameters,

wðaÞ ≃ w0 þ wað1 − aÞ; ð4Þ
with w0 being the value of the equation of state today and wa
capturing any time variation in the equation of state [88,89].
Current constraints on the equation of state seem to disfavor
a cosmological constant ðw0; waÞ ¼ ð−1; 0Þ at ≃4σ and
indicate that the time evolution wa is large and negative.
Previously, assuming the Einstein field equations and

Eq. (1), we have considered [2,3,39]

FðφÞ ¼ 1; KðφÞ ¼ 1; VðφÞ ≃ V0 þ
1

2
m2φ2: ð5Þ

This corresponds to a general model of thawing quintes-
sence minimally coupled to gravity where the coefficient
m2 can be positive (“slow roll”) or negative (“hilltop”). As
previously discussed, thawing quintessence is not a good
description of the data. When one projects the thawing
quintessence priors onto the ðw0; waÞ parameter space
(using the same errors as the cosmological data), they
are disjoint with the data posteriors; these theories cannot
produce significant enough temporal variation in the
equation of state (captured by the parameter wa) in the
regimes where the data has constraining power. This is
further borne out in a number of statistical measures where
thawing quintessence only offers a moderate (at best)
improvement over ΛCDM, or no improvement at all,
depending on the exact combination of data used in the
analysis [3,19,39].
We can move beyond the Einstein field equations and

consider a generalized quintessence model where

FðφÞ ≃ 1 − ξφ2; KðφÞ ¼ 1;

VðφÞ ≃ V0 þ βφþ 1

2
m2φ2: ð6Þ

Introducing the nonminimal coupling ξ modifies the
Einstein field equations in such a way that one infers an
increase of the energy density of the dark energy field in the
past—i.e., a phantom equation of state that violates the null
energy condition and corresponds to w < −1—before it
begins to thaw to cross the phantom divide at recent times
[18–20,90–93]. Such dynamical evolution is a far better fit
and description of the cosmological data as these predic-
tions overlap with the data posteriors when this theory’s
priors are projected onto the ðw0; waÞ plane. As this theory
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allows for dark energy to go phantom, dark energy can both
evolve sharply over intermediate redshift regimes where the
data has much of its constraining power, without over-
shooting the inferred value of the equation of state today
which the data suggests has not evolved to be too far away
from −1 (i.e., w0 ≃ −0.75). Calculating the Bayesian
evidence, Δχ2, and other statistical measures then confirm
that this model is a significantly better fit to the data than
ΛCDM or thawing quintessence.
There is a problem, of course: a scalar field with a

nonminimal coupling is strongly at odds with local fifth
force tests and necessitates introducing a screening mecha-
nism to protect the theory on local scales. Given the
undesirable gravitational consequences and the necessity
to introduce screening leads us down an ever more complex
and ad hoc path, it makes sense to continue a systematic
exploration of Eq. (1) by considering whether there are
viable models without a nonminimal coupling between the
scalar field and the Ricci scalar, but which have higher
order terms in the kinetic sector.
Theories with a modified kinetic sector have been

extensively studied in the past. An appealing aspect of
these theories is that it is possible to assume an additional
symmetry of the action: shift symmetry, where the action
is invariant under transformations of the form φ →
φþ cþ cμxμ, known as Galileon symmetry [94–96].
Such theories have a number of attractive, theoretical,
properties, but also some downsides. A notable downside is
that they lead to effective equations of state which are
phantom throughout the evolution of the Universe [95,97]
(see Appendix B for a brief discussion) which is in striking
contradiction with current observations.
In this paper, we pursue the strategy of considering the

simplest theories with nonminimal kinetic terms (from the
point of view of EFT) which may be observationally viable.
We thus consider

FðφÞ ¼ 1; KðφÞ ≃ αþ β

ðΛ3Þ3
□φ;

VðφÞ ≃ V0 þ
1

2
m2φ2: ð7Þ

The kinetic sector has been modified to include a general
coefficient α for the standard kinetic term X in addition to a
coefficient β multiplying X□φ, making this part of the
cubic Galileon/kinetic braiding class of gravitational the-
ories, which have been studied in a variety of cosmological
contexts [94–112]. Λ3 is an energy scale defined as
Λ3 ¼ ðMPH2

0Þ1=3. The X□φ term arises naturally in the
EFT framework as it is an allowed operator. If one imposes
shift symmetry, this restricts the potential term to be zero or
constant. However, scalar field operators in the potential
function are of course also naturally present in a general
EFT framework. As we shall see, the presence of a massive
potential breaks this shift symmetry and can lead to viable

dark energy (see [111] for a similar construct). This theory
can also be translated into the familiar Horndeski language
for scalar-tensor theories (see Appendix A for a brief
discussion).
If the kinetic term is going to drive the accelerated

expansion, we need α < 0, as with a standard kinetic term
the theory is driven towards a trivial attractor solution [100].
We also have a quadratic potential with a massive scalar field
where V0 is in units of M2

PH̃
2
0, m

2 is in units of H̃2
0, both α

and β are dimensionless, and MP ¼ 1. In order to ensure
consistency in the normalization of this model, we follow
[97] and fix H̃2

0 to a fiducial value H̃0 ¼ 67.5 km s−1 Mpc−1

in defining the model coefficients. The equation of motion
for this dark energy model is1

αðφ̈þ 3Hφ̇Þ− 3β

Λ3
3

φ̇ð3H2φ̇þ Ḣ φ̇þ2Hφ̈Þ ¼ −V 0ðφÞ; ð8Þ

where we recover the familiar Klein-Gordon equation in a
Friedmann background for α ¼ 1 and β ¼ 0. Note that,
when the kinetic term α < 0 and has the wrong sign, this
effectively inverts the sign of the mass term in the potential
such that the standard positive mass potential now has a
“negative” mass.
This model has been implemented in HI_CLASS [114,115]

in order to solve both the background cosmological
equations of motion as well as to evolve linear cosmologi-
cal perturbations and perform stability checks to ensure that
ghost and gradient instabilities are avoided. We fix β ¼ −1
(as this coefficient just affects the normalization of the
scalar field [97,110]) and we use a shooting method to tune
V0 in order to satisfy the Friedmann equations.

III. PHENOMENOLOGY OF GALILEON GRAVITY
WITH A POTENTIAL

Let us first discuss the shift symmetric version of the
theory given in Eq. (7) without a potential [VðφÞ ¼ 0] which
is familiar in the literature due to its ability to provide self-
accelerating solutions to the Universe without a cosmologi-
cal constant or potential. In order for this theory to provide
an accelerating universe, it requires a negative kinetic energy,
meaning that α < 0 and differs from the standard kinetic
term in field theories. Of course, this has the potential to
create catastrophic ghost and gradient instabilities; however,
the theory is stable for certain parameter choices. The “no
ghost” and “no gradient” conditions are

1See, e.g., [108,113] for the most general equation of motion in
Horndeski gravity. One can then specify the Horndeski functions
corresponding to the theory under discussion here, which are
given by G2 ¼ αX − VðφÞ, G3 ¼ − 1

Λ3
3

βX, G4 ¼ 1
2
MP, and

G5 ¼ 0, to derive the equation of motion for this dark energy
model.
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D≡ αK þ 3

2
α2B > 0; c2s > 0; ð9Þ

where αB is the braiding parameter, αK is the kineticity
parameter, and c2s is the speed of sound for scalar perturba-
tions [113]. These parameters are defined to be

αB ¼ −
2φ̇X
HM2

P

β

ðΛ3Þ3
;

αK ¼ 2X
H2M2

P

�
α − 6φ̇H

β

ðΛ3Þ3
�
;

c2s ¼ −
ð2 − αBÞðḢ − 1

2
H2αBÞ −Hα̇B þ ρM þ PM

H2D
: ð10Þ

In this theory there is no running of the Planck mass and
gravitational waves propagate at the speed of light (i.e.,
αM ¼ αT ¼ 0). As one can see from Eqs. (9) and (10), when
the kinetic term has the wrong sign, the inclusion of the
kinetic braiding term is necessary to stabilize the theory by
allowing D > 0.
Without a potential (i.e., when the theory has a shift

symmetry), there is an attractor solution φ̇H → ζ, where
ζ is a constant. These solutions lead to a phantom equation
wφ < −1 of state that approaches a de Sitter state from
below [95,97]. Phantom dark energy leads to an expansion
rate that is greater than nonphantom dark energy and the
cosmological data does provide evidence for a larger
inferred HðzÞ than ΛCDM could produce in the past.
However, as the cosmological data is solidly in the thawing
region at more recent times, this indicates that HðzÞ must
transition to be weaker than inferred in ΛCDM. As these
theories cannot cross the phantom divide from below,
they are thus observationally ruled out (see Fig. 5 in
Appendix B).
With a potential VðφÞ, it is possible for these models to

evolve from wφ < −1 to wφ > −1 at later times, potentially
offering a viable model of dark energy. The scalar field
energy density and pressure are

pφ ¼ α

2
φ̇2 þ β

ðΛ3Þ3
φ̇2φ̈ − VðφÞ;

ρφ ¼ α

2
φ̇2 −

3β

ðΛ3Þ3
Hφ̇3 þ VðφÞ: ð11Þ

To get an intuition for the behavior of wφ in this model,
first consider the case where VðφÞ ¼ 0 and scalar field is
on its attractor solution. We have that φ̇ ¼ ζ=H and
φ̈ ¼ −ζḢ=H2, where Ḣ ¼ − 3

2
H2ð1þ weffÞ and weff is

the effective equation of state of the background. This
allows us to write pφ ¼ 1 þ 3ðβ=αÞðweff þ 1Þ and
ρφ ¼ 1–6ðβ=αÞ. Solving the Friedman equations for this
model and our choice of scale and normalization for the field
for a cosmology with Ωφ ≃ 0.7 and H0 ≃ 67 km s−1 Mpc−1

results in β=α ≃ 1=3, which allows us to estimate that the
dark energy equation of state will evolve from wφ≃−2→−1
as the Universe moves frommatter domination to dark energy
domination, approaching the de Sitter state from below as
previously discussed (see the left panel of Fig. 1).
When the potential is present, VðφÞ ≠ 0, the field still

begins on the same attractor solution at early times but
receives a contribution from the potential which raises the
value of wφ. Eventually, the field rolls off the attractor
solution and φ̇H begins to evolve. The presence of the
potential allows wφ to cross the phantom divide from
below, which resembles the behavior of the nonminimally
coupled models in Eq. (5) [18–20]. This is illustrated in
Fig. 1 where we have plotted two representative kinetic
braiding models, one with and one without a potential.
In this work, we focus on the latest expansion history

data. Before undertaking a direct comparison of this model
with the full complement of cosmological data relating to
the expansion history, we first project the model’s “theory
priors” into the ðw0; waÞ parameter space in order to get an
initial assessment of whether or not it can offer a good
description of the data. To do so, we follow the prescription
detailed in [3,39,97,116]. In brief, we generate the exact
observables (or in some cases compressed versions of the
observables) that this model would predict for the observ-
ables probed in surveys of interest. That is, we generate the
model’s predictions over a wide range of parameter choices
for DAðzÞ, DLðzÞ, etc. at the redshifts measured in BAOs,
SNe, and CMB probes, using DESI BAO DR2 measure-
ments, as well as compressed versions of the DESY5 SNe
and Planck CMB data (again in the manner described in
detail in [3,39]). Then, using the known errors and
uncertainties of the data, we fit ðw0; waÞ to these predictions
through

H2ðaÞ ¼ H2
0

h
Ωma−3 þ ð1 −ΩmÞe3waða−1Þa−3ð1þw0þwaÞ

i
;

ð12Þ

as all of the relevant observables are directly sensitive to
HðzÞ. For the purpose of this exercise, we consider
α∈ ½−20; 0�, m2 ∈ ½−80; 0�, φi ∈ ½0; 1�, H0 ∈ ½60; 75�, and
Ωm ∈ ½0.25; 0.40� in generating the theory priors.
The results are depicted in the right panel of Fig. 1,

where one can see that the theory priors share a complete
overlap with the data constraints on ðw0; waÞ and occupies
the same region of parameter space as the nonminimally
coupled model from [18,19]. This indicates that this model
is a good description of the data as it shares significant
overlap with the posterior constraints when both the theory
priors and cosmological data posteriors are interpreted in
terms of ðw0; waÞ parameters. This is also not terribly
surprising considering the phenomenology of the equation
of state for the nonminimal and kinetic sectors of Eq. (1)
(with a potential) are remarkably similar. While both the
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nonminimally coupled model and the broken shift sym-
metric model can remain in the phantom regime today for
certain parameter choices (i.e., w0 < −1), most of the
volume of the theoretical priors is located in the thawing
regime. As the phantom regime is ruled out, we focus on
the thawing regime due to current observational constraints
and in Fig. 1 we depict the projection of the theory priors as
running up to the phantom boundary. See Appendix B for a
comparison of these models with pure shift symmetric
models which are confined to the phantom regime. We turn
now to a full statistical analysis.

IV. COSMOLOGICAL DATA AND CONSTRAINTS

In order to assess this dark energy model’s ability to
describe cosmological data, we use similar dataset combi-
nations to those used in the DESI DR2 2025 analysis [1];
DESI 2025 BAO measurements, the SNe Ia samples from
DES-Y5, Pantheon+, and Union3 [117–119], the TTTEEE
CMB measurements from Planck 2018 [120,121], and the
CMB lensing from ACT DR6 [122,123].
DESI 2025 BAO measurements consist of a set of six

measurements of the angular diameter distance, DM, the
Hubble parameter, DH ¼ c=H, and the angle-averaged
quantity DV ¼ ðzD2

MDHÞ3, relative to the sound horizon,
obtained from measurements of the BAO scale. The SNe
data is made of light curves from different SNe Ia samples
which allows us to measure the luminosity distance DL.
The CMB data consists of angular power spectra. From
Planck, we use the autocorrelation and cross-correlation
of the CMB temperature and E-mode polarization fields.
We use the low-l power spectra, obtained with the
“Commander” component separation algorithm, in the
range 2 ≤ l ≤ 29 and the high-l Planck PR3 PLIK like-
lihood covering 30 ≤ l ≤ 2508 for the temperature auto-
correlation (TT) and 30 ≤ l ≤ 1996 for the TE and EE
components [124]. Finally, we use ACT DR6 as provided

by the official likelihood, consisting of the ACT CMB
reconstructed lensing power spectra between the
scales 40 < L < 763.
For BAO, SNe, and CMB data, we use the likelihoods as

implemented in Cobaya [125]. We then use both the nested
sampler POLYCHORD [126] and a Metropolis-Hastings
sampler [127] to derive the parameter posterior distribu-
tions and to compare the models statistically. We sample
the cosmological and dark energy model parameters in
Table I and impose uniform priors, while keeping the
neutrino mass fixed to

P
mν ¼ 0.06 eV. As explained in

the following paragraph, the number of parameters and
shape of the degeneracies make this a challenging model to
sample efficiently. Thus, in order to assess convergence
when deploying Monte-Carlo methods, we adopt the
Gelmin-Rubic statistic, requiring R < 0.05.
When sampling this dark energy model, as mentioned

before, we fix β ¼ −1, as this corresponds to a well-known
rescaling of the Galileon model, as well as φ̇i to a small,
nonzero value, as the early scalar field evolution rapidly

FIG. 1. Left: equation of state evolution wðzÞ for a cubic Galileon model with and without a potential. Right: phase-space wedge
structure for various dark energy models where their theory priors are compared to the data posteriors.

TABLE I. Uniform prior distributions for cosmological and
dark energy parameters. Uða; bÞ denotes a uniform distribution
over ½a; b�.

Cosmological parameters

Ωbh2 Uð0.020; 0.025Þ
Ωm Uð0.25; 0.40Þ
H0 [km=s=Mpc] Uð60; 80Þ
lnð1010AsÞ Uð2.95; 3.15Þ
ns Uð0.9; 1.05Þ
τ Uð0.02; 0.1Þ

Dark energy parameters
α Uð−10; 0.0Þ
m2 Uð−80; 0Þ
A≡ ϕijm2j1.41 Uð0; 10Þ
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converges to the well-known attractor solution. Thus,
we vary α, m2, and φi, while tuning V0 with a shooting
algorithm to ensure that the Friedmann equations are
satisfied for the choices of cosmological parameters. In
sampling this model, due to the shape of the degeneracies in
φi, we found it far more efficient to change variables from
φi to A ¼ ϕijm2j1.41 and vary A instead.
Finally, we compute the theory predictions for cosmo-

logical distances and power spectra with HI_CLASS in order
to compare the dark energy theory with the aforementioned
datasets, calculating Δχ2 statistic with respect to ΛCDM.
The χ2 is defined by χ2 ¼ −2 logL, where logL is the log
likelihood. However, there are significantly more param-
eters in this model than the ΛCDM model, so it will be
informative to examine more refined statistical measures
such as the Bayesian evidence and the Akaike information
criterion (AIC), both of which account for and penalize the
introduction of new parameters. The Bayesian evidence is
given by

logZ ¼ log
Z

LðDjθ;MÞPðθjMÞdθ; ð13Þ

where LðDjθ;MÞ is the likelihood, PðθjMÞ is the prior,
and θ the sampled parameters. We report the difference
with respect to ΛCDM using the following convention:
Δχ2φΛ ¼ χ2φ − χ2Λ and logBφΛ ¼ logZφ − logZΛ, mean-
ing that the more favored model with respect to theΔχ2 fit is
given by negative values while the more favored model with
respect to the Bayesian evidence is given by positive values.
A Bayes factor logB ≥ 5 is considered to be strong evidence
for one model over the other, while 5 ≥ logB ≥ 2.5
is moderate evidence and logB ≤ 2.5 is inconclusive
[128–130]. We also report the AIC as ΔAICφΛ, with AIC
being defined as AIC ¼ 2Δkþ χ2, where Δk is the differ-
ence in the number of parameters between the models and
imposes a penalty on the model with more parameters.
Conventionally, a ΔAIC ≤ −10 is considered strong
evidence, ΔAIC ≃ −5 considered moderate evidence,
and closer to zero is considered to be statistically
indistinguishable [131,132].
This dark energy model offers a substantial improvement

in terms of its ability to fit the cosmological expansion
history data as can be seen from examining itsΔχ2 statistics
in Table II, on par with both the parametric ðw0; waÞ model
and the nonminimally coupled model of [18,19]. This
Galileon model has three additional varied free parameters
when compared with ΛCDM, given by fα; m2;φig (both
Λ and V0 are fixed by the other cosmological and model
parameters). Consequently, ΔkφΛ ¼ 3.
As has been consistently seen across the recent literature,

the statistical evidence for dynamical dark energy when
using the Pantheonþ SNe sample is far less significant
than when the other SNe samples are used. This is borne
out both with respect to raw Δχ2 fit as well as more

sophisticated statistical measures such as information
criteria and Bayesian evidence which penalize the intro-
duction of new parameters. Indeed, ΛCDM and dynamical
dark energy are roughly indistinguishable statistically with
the Pantheonþ SNe [3,8,19], which remains the case with
the dark energy model considered here. The dependence of
our conclusions on which SNe sample is used is particu-
larly interesting. In particular, [53] has prominently argued
that supernova systematics may be driving some of these
results and correcting these systematics brings DESY5 in
closer alignment with the older Pantheonþ analysis.
However, [56] has argued that both Union3 and DESY5
utilize improved modeling frameworks and newer samples,
while also using completely different analysis pipelines
from each other. There remain a number of open questions
here that will no doubt continue to be the subject of intense
scrutiny, but for the time being it is clear that the more
recent data and analyses offered by Union3 and DESY5
provide significantly stronger evidence for dynamical dark
energy.
Finally, it is worth noting that this model, while clearly

outperforming ΛCDM in a manner comparable to the
parametric ðw0; waÞ model, in every measure slightly
underperforms the nonminimally coupled dark energy
model in [18,19]. In particular, it is a slightly worse overall
fit to the data but has similar numbers of parameters; and
so, we would naturally expect it to yield slightly lesser
statistical evidence in other measures. For reference,
the nonminimally coupled model has logB ≃ 7.3 and a
Δχ2 ≃ −23.6 (see Table 1 in [19] for more details), and has
the same number of free parameters as the cubic Galileon
model and so would have ΔAICφΛ ¼ −17.6. However, the
broken shift symmetric/cubic Galileon model still produces
very significant improvements over ΛCDM or standard
thawing quintessence particularly when the DESY5 SNe
data is used.
Given that the data combination with the strongest

evidence for dynamical dark energy is that which uses
the DESY5 SNe sample, this is of particular interest. The
posterior constraints when using this SNe sample in
combination with CMB and BAOs on the dark energy
model parameters from Eq. (7) are given in Fig. 2, with the

TABLE II. Statistical comparison of the cubic Galileon/kinetic
braiding dark energy model relative to ΛCDM, combining BAO
and CMB data with three different SNe datasets. logB denotes
the log Bayes factor in favor of the extended model, and Δχ2 is
the improvement in best-fit χ2. The Bayes factors logB have an
uncertainty of ≃� 0.6.

Pantheon+ Union3 DESY5

Δχ2φΛ −11.9 −17.5 −22.8
ΔAICφΛ −5.9 −11.5 −16.8
logBφΛ −0.03 5.01 6.52
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1σ regions α ¼ −2.31þ0.25
−0.41 , m

2 ¼ −21.0þ14
−6.0, A ¼ 4.4þ1.3

−1.0 ,
and V0 ¼ 2.36þ0.16

−0.61 . As with the nonminimally coupled
model of [18,19] or with parametric ðw0; waÞ models, we
see here the same features where the cosmological data
favors an equation of state which is phantom in the past, but
crosses the phantom divide and begins to thaw around
z ≃ 0.5. The posterior constraints on the equation of state for
this model are given in Fig. 3. wðz ¼ 0Þ ¼ −0.749þ0.039

−0.032 ,
placing the equation of state today at approximately 7σ away
from the cosmological constant value. Despite the substan-
tially different microphysics at play between this dark
energy model (driven by a modified kinetic sector plus a
potential) and other kinds of exotic interactions (such as the
direct coupling between the scalar and gravity in [18–20]),
they produce remarkably similar equations of state. Given
that they are, for all intents and purposes, indistinguishable
statistically as discussed in the paragraph above, this adds
further substantiation to the argument that cosmological data
will not be able to uniquely pin down the fundamental action
for dark energy and can only give us limited insight into dark
energy microphysics [2,133]. Any dark energy theory
producing an equation of state like the ones seen here will
reproduce the ability to fit this collection of cosmological
data as one can easily construct any number of distinct dark
energy proposals by utilizing a different form of the scalar
field potential. Furthermore, the small field excursions
(Δφ ≪ MP) relevant to dynamical dark energy indicate that
one can simply Taylor expand the potential and find that
many other potentials will agree to an excellent approxi-
mation with the massive potential considered here.

The cosmological data used here constrains primarily the
expansion history of the Universe. However, this model
will impact the strength of gravity and possibly lead to
signatures in the growth of cosmic structure. Thus, while no
growth data was used in the above analysis (as we await
new growth measurements from DESI along with its
covariance matrix with the BAO measurements), we can
compute the constraints on quantities that will affect growth
and be of interest as new data becomes available. Given that
exotic gravitational interactions (whether coming from
nonminimal couplings or noncanonical kinetic inter-
actions) will lead to deviations from the growth of cosmic
structure expected from general relativity (GR), such data
(depending on its quality) may provide important discrimi-
nating power between more exotic scalar field interactions
and minimal, canonical scalar fields or Λ. We now turn to
analyzing these additional gravitational consequences.

V. ANCILLARY GRAVITATIONAL
CONSEQUENCES

While this theory has no explicit coupling between the
scalar field and the Einstein-Hilbert term, it does, never-
theless lead to nontrivial gravitational effects. The presence
of a braiding term, captured at the linear level by αB,
indicates that this theory will affect the strength of gravity
on cosmological and clustering scales. In the quasistatic
regime, which is useful not only for local constraints
but also for (cosmological) gravitational clustering, the
Newton-Poisson equation can be written as

∇2Φ ¼ 4πG0μðzÞρ̄MδM; ð14Þ

where Φ is the Newtonian potential, ρ̄M and δM are the
background and fractional density perturbation of matter,

FIG. 2. 68% and 95% CL posterior distributions for the cubic
Galileon/kinetic braiding dark energy model parameters with a
broken shift symmetry.

FIG. 3. Posterior constraints on wðzÞ for the nonminimally
coupled dark energy model [19] and the cubic Galileon dark
energy model considered here. Both dark energy constructs
produce similar equations of state which explains their similar
success in fitting the expansion history data.
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and μðzÞ captures the time evolution of the effective
Newton’s constant on the scales of gravitational clustering
[with μðzÞ ¼ 1 we recover GR]. For the theory we are
considering, we have

μðzÞ ¼ 1þ α2B
2c2sðαK þ 3

2
α2BÞ

ð15Þ

in the quasistatic approximation [113,134,135]. From exam-
ining Eq. (10), we can see that some of the additional terms
can give Oð1Þ contributions, leading us to expect departures
from GR. In Fig. 4, we show the expected behavior of μðzÞ
derived from the posterior analysis of the previous section.
One can see that μðzÞ > 1 and is growing at late times. We
compare it with μðzÞ from the nonminimal models studied in
[18,19] and we can see that, for much of cosmic time, it is
closer to one, but it changes more rapidly at very late times.
This means that we expect its cumulative effect in these
(broken) shift symmetric models to be smaller than in the
more conventional minimally coupled models.
On a large scale, the time-varying Newton’s constant

will affect the growth rate of structure, f ≡ d ln δM=d ln a.
We have that the evolution equation for the growth rate is
given by

df
d ln a

þ f2 þ
�
1þ d lnðaHÞ

d ln a

�
f ¼ 3

2
μðaÞΩMðaÞ;

where ΩMðaÞ is the fractional energy density of matter
dependent on time. We can clearly see that μðzÞ > 1 will
enhance the growth of structure. This is manifest in the
right-hand panel of Fig. 4, where there is enhanced growth
at late times. As foreshadowed above, the cumulative
effect is much smaller than for the standard nonminimal
theories we considered and so the modifications to growth

are smaller than in these theories and only manifest
themselves substantially for z < 0.3.
For local constraints, what matters is μðz ¼ 0Þ. From

the left-hand panel, we see that μðz ¼ 0Þ ∼ 1.6� 0.2, on
par with what we find with the nonminimally coupled
models, although about 10%–20% smaller. This means
that, as it stands, such a model is strongly inconsistent
with the fifth force constraints, where we have constraints
of μð0Þ − 1 < 10−3 on laboratory scales, or even tighter on
astrophysical scales [136–139]. These constraints would
rule such a model out.
Nevertheless, it is well known that such models with a

cubic Galileon have Vainshtein screening which, in certain
conditions, will protect a gravitational system from the fifth
forces. This mechanism has been studied in great detail
[140]; for a pointlike (or spherically symmetric) source of
mass M, one can define a Vainshtein radius,

rV ¼
�
M
MP

1

ðΛ3Þ3
�
1=3

;

which leads to a suppression of the fifth force, F5, relative
to the Newtonian force, FN , on scales r < rV of the form

F5

FN
≃
�
r
rV

�
2=3

:

Thus, it would seem that this theory already has “built in” a
mechanism for evading fifth force constraints. For example,
the Milky Way will have a Vainshtein screening scale rV∼
few Megaparsecs which means its dynamics will be fully
screened.
A more careful look at the details of this theory throws

up well-known concerns. The strong coupling scale—the
energy scale above which one cannot use the action
presented here and new degrees of freedom need to be

FIG. 4. Posterior constraints on μðzÞ (left) and fσ8 (right) for the nonminimally coupled dark energy model [19] and cubic Galileon
dark energy model considered here. While both models predict similar phenomenology for the dark energy equation of state and fit the
expansion history data remarkably well, the models predict very different modified gravity effects which will show up in their
predictions for growth.
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considered—is set by Λ3 ∼ 10−13 eV which corresponds to
a length scale λ ∼ 103 km. Such properties of these theories
(which include that of a massive graviton) are well known
—what one thinks of as a microscopic theory breaks down
on macroscopic scale. To be able to work with such a theory
as a truly predictive microscopic theory (which is, in the
end, what we are looking for), we will need to add
additional degrees of freedom and terms to the action.
A further concern is whether the Vainshtein screening

mechanism is indeed present with broken shift symmetry. If
the mass term in the low energy EFTarises from integrating
out new, massive degrees of freedom which are present at
higher energy, it has been argued [141] that a self-
consistent analysis shows that the Vainshtein mechanism
will not emerge in the presence of all of the higher order
operators which must be taken into account. While the
argument made in [141] is specific to one particular way of
generating a mass term for the scalar field—as yet we do
not have a “no-go theorem” for the Vainshtein mechanism
in massive Galileon theories—it is indicative of a possible,
severe problem that may jeopardize such theories.
Given the significant overlap between the phenomenol-

ogy of nonminimally coupled models and the Galileon
models considered here in terms of their equations of state
(as well as the aforementioned similarities in terms of their
ability to affect the strength of gravity on other scales), it is
also worth briefly mentioning an effect that could poten-
tially definitively discriminate between these classes of
theories. The gravitational wave (GW) luminosity distance
probed by bright sirens is defined as dgwL ðzÞ ¼
ðMeffð0Þ=MeffðzÞÞdemL [142], where demL is the luminosity
distance associated with the electromagnetic (EM) counter-
part and M2

eff=2 ¼ G4ðφÞ is the effective Planck mass
associated with the Horndeski function G4 which multi-
plies the Ricci scalar R. The nonminimally coupled models,
which do have an αM ≡ d logM2

eff=d log a ≠ 0, will be
sensitive to such measurements [142–144], whereas the
Galileon models considered here have αM ¼ 0 and will
predict the same GW luminosity distance as GR.
Finally, an additional concern is the effect of the theory

on the largest scales. We have looked at how the fifth force
will affect the growth of structure. One probe that can access
this effect on the largest scales is the integrated SachsWolfe,
ΔT=TjISW, in the CMB temperature anisotropies and how it
correlates with a tracer of the matter field (like the galaxy
distribution). Indeed we have that ΔT=TjISW ¼ 2

R
dτ∂τΦ,

where τ is conformal time, Φ is the gravitational potential,
and the integral is from last scattering until today. It has been
shown that cubic Galileons are grossly inconsistent with
measured ΔT=TjISW [105] and it is conceivable the broken
shift symmetric version will inherit some of the same
problems here although, as has been shown in [145], it is
possible to construct theories which are compatible with the
ISW measurement. A comparison with current data would

be required to make a more definitive statement on whether
this is, indeed, a problem.

VI. DISCUSSION

In this paper we have continued on our campaign to
understand what the current constraints on the expansion of
the Universe imply for scalar field dark energy. We empha-
size that we are agnostic about whether the measurements are
correct or not, or whether the interpretation of the measure-
ments are correct. We are assuming they are and exploring the
consequences. We also, crucially, emphasize that we are not
proposing models but are trying, in as systematic a manner as
possible, to understand whether the simplest scalar fields
models are viable and consistent with observations.
To guide us, in our systematic approach, we are using the

philosophy of effective field theory, considering the terms
in the action which should be relevant at a given energy
scales. We are, furthermore, aided by the fact that the
relevant dynamical range of the scalar field which is
detectable by observations is small, Δφ=MPl < 1. This
means that we can consider polynomial expansions of the
free functions and only keep the leading order terms. As a
result, we effectively constrain a small number of coef-
ficients and are able to make robust conclusions for what is,
in principle, a broad class of models.
The broken shift symmetric model (or broken Galileon

model) we have considered here is an alternative to the
nonminimally coupled theories we have considered before.
While there is no direct coupling to the Einstein-Hilbert
term, it still leads to new gravitational effects which affect
the expansion of the Universe and can be interpreted as a
modification in the strength of Newtonian gravity on
clustering scales. For the cubic-Galileon model (which is
shift symmetric) the equation of state, wðzÞ < −1 through-
out and does not reproduce the observed features found in
current data. The addition of a potential mitigates this and
leads to a “phantom crossing,” much like with the non-
minimal models we have considered before.
Thus it would seem that, on cosmological scales, one

requires, yet again, a theory with nontrivial gravitational
consequences. As is well known, this will have ancillary
consequences: it will affect the growth rate of structure and
will lead to observable fifth forces on laboratory and Solar
System scales. Naively, given the precision of current
constraints on fifth forces, we could rule out this theory.
Yet, remarkably, this theory naturally possesses a screening
mechanism which might shield local measurements from
the effect of fifth forces. The Vainshtein mechanism at play
here is well known and, while effective, raises concerns—
it has a strong coupling scale at very low energies meaning
that a more complete theory is required if we are to claim
any success at constructing a microphysical theory of dark
energy.
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From the point of view of an effective field theory, this
may be overkill. Note that we are trying to come up with a
microscopic theory which will explain the accelerated
expansion we see today but we do not need it to be valid
on all scales. Indeed, asking for it to be valid at Gigaparsec
scales and on kilometer scales (or less) may be too tall an
order. This is, in fact, the philosophy behind the effective
field theory approach—to have a description which is valid
in a well-defined range of scales, not all scales. If that is the
case, one might question why one is pursuing a micro-
physical explanation for dark energy at all. We have a
perfectly good explanation of dark energy, in terms of an
equation of state, and the bulk properties of a “fluid.” Such
a description mirrors how we describe standard model
physics on cosmological scales—not in terms of the Dirac
equation or Yang-Mills fields but in terms of baryon
densities and photon phase-space distributions.
Thus, we find ourselves in a quandary. We can give in

and forgo the aim of constructing a fundamental dark
energy theory. We are then left in a situation where we will
never fully determine what is the microphysical theory
behind one of the most striking phenomena in cosmology.
If we try to pursue microphysical proposals, we need to do
so in as general a way as possible (as we have done here and
in the past). We are finding that, in the case of scalar field
dark energy, one has to consider ever more complex
proposals that can accommodate not only the expansion
of the Universe but also ancillary gravitational effects on
smaller scales—indeed, that possibility has been explored
in the case of broken shift symmetric models in [111] and
for more general scalar field actions in [146]. This is
disheartening but also encouraging. Disheartening because
it would seem like we are going down a well trodden path
of adding epicycles to make a theory work—we are
entering the Ptolomaeic Era of dark energy. Encouraging
because some of these theories may lead to new observable
effects that can be tested by noncosmological means—in
the laboratory or on astrophysical scales—leading to a
completely new window on dark energy.
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APPENDIX A: LINK TO HORNDESKI GRAVITY

Although the scope of this paper is not the study of
specific models that might fit the data well but to infer the
microphysical properties of dark energy by building the

most general action in an EFT-like approach, it is possible
to link our results to the well-known Horndeski gravity.
Given its familiarity and that most of the Galileon’s
literature is expressed in this context, we proceed to show
the connection of our EFT-like actions and Horndeski
gravity.
Horndeski gravity represents the most general scalar-

tensor theory of gravity with second order equations of
motion [147,148] and is given by the action

S½gμν;ϕ� ¼
Z

d4x
ffiffiffiffiffiffi
−g

p X5
i¼2

1

8πGN
Li½gμν;ϕ�; ðA1Þ

where the various components of the action are defined as

L2 ¼ G2ðϕ; XÞ; ðA2Þ

L3 ¼ −G3ðϕ; XÞ□ϕ; ðA3Þ

L4 ¼ G4ðϕ; XÞRþ G4Xðϕ; XÞ½ð□ϕÞ2 − ϕ;μνϕ
;μν�; ðA4Þ

L5 ¼ G5ðϕ; XÞGμνϕ
;μν −

1

6
G5Xðϕ; XÞ½ð□ϕÞ3

þ2ϕ;μ
νϕ;ν

αϕ;α
μ − 3ϕ;μνϕ

;μν
□ϕ�: ðA5Þ

The dark energy model given by Eq. (7), which is the
main subject of this paper, can be naturally expressed in the
Horndeski language,

G2 ¼ αX −
�
V0 þ

1

2
m2φ2

�
; G3 ¼ −

βX
Λ3
3

;

G4 ¼
1

2
M2

P; G5 ¼ 0: ðA6Þ

Similarly, one can write a closely related, very general shift
symmetric model (the subject of Appendix B) as

G2 ¼ α1X þ α2
Λ4
2

X2 − V0; G3 ¼ −
1

Λ3
3

�
β1X þ β2

Λ4
2

X2

�
;

G4 ¼
1

2
M2

P; G5 ¼ 0; ðA7Þ

where the only difference is that we have dropped them2φ2

term in the potential that breaks the shift symmetry and we
have included the next set of higher order terms in the
Lagrangian. As the Horndeski framework has been exten-
sively studied, one can then use these definitions to easily
compute the scalar field equation of motion, the αB and αK
parameters, and the strength of gravity μðzÞ from the
expressions in [113].
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APPENDIX B: SHIFT SYMMETRIC MODEL

A general symmetric theory of dark energy is given
by [97]

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

P

2
Rþ

�
α1 þ

β1
ðΛ3Þ3

□φ

�
X

þ
�

α2
ðΛ4Þ4

þ β2
ðΛ3Þ3ðΛ4Þ4

□φ

�
X2

�
; ðB1Þ

where the αi and βi are dimensionless constants and
Λ4 ¼ ðH2

0M
2
PÞ1=4. We note that this includes all of the

lowest order terms according to EFT of theories with shift
symmetry. In [97], the authors explored the phenomenol-
ogy of such theories in great detail and found that the
equation of state was phantom throughout the history of the
Universe.
It is useful to translate what this means into where

the equation of state parameters, (w0,wa), lie on the plane.
To do so, we sample the ranges α1 ∈ ½−30; 0�,
α2 ∈ ½−100; 100�, and β2 ∈ ½−100; 100� for the dark energy
parameters (corresponding roughly to the distributions
found in [97]), and as before H0 ∈ ½60; 75�, and
Ωm ∈ ½0.25; 0.40� for the cosmological background param-
eters. We then project them into the ðw0; waÞ parameter
space according to the same procedure discussed earlier
whereby we fit the predictions from the dark energy model
to ðw0; waÞ using the known errors and uncertainty of the
relevant datasets [3,39]. In Fig. 5, we find this projection
and we can see that it is completely disjunct with the values
of the parameters preferred by the current data and that the
theory entirely projects onto the w0 < −1 region of
parameter space. In this figure, we also see that both the
nonminimally coupled and the broken shift symmetric/
cubic Galileon theory with a potential can also occupy
parameter space in the phantom region if, for certain
parameter choices, the field has not thawed enough to
cross the phantom divide.
Interestingly, we see that the theory projection into the

ðw0; waÞ plane shows that the theory is slightly closer to the
data posteriors on ðw0; waÞ than ΛCDM at ð−1; 0Þ as it
migrates down the wa axis that indicates temporal evolu-
tion. To investigate further, we obtain the posterior con-
straints and quantify the Δχ2 fit using the DESY5 SNe
samples in addition to the CMB and BAO data. We have
thatΔχ2φΛ ≃ −7, which corresponds to the modest improve-
ment we anticipated by examining the shift symmetric
parameter space from Fig. 5 closest to the ðw0; waÞ data
constraints. However, the introduction of two additional
varied free parameters (in this case, α1 is the parameter that
is tuned/fixed to satisfy the Friedmann equation) results in
ΔAICφΛ ≃ −3. The posterior constraints on the model
parameters and the posterior constraints on wðφÞ are given
in Fig. 6, where it can be seen that the shift symmetric

model remains in the phantom region throughout its entire
history as it asymptotes to wðφÞ → −1.
Finally, it is worth briefly commenting on the difference

in behavior of the equation of state between the shift
symmetric version of (7) with VðφÞ ¼ 0 depicted in Fig. 1
and the more general shift symmetric theory presented in
Eq. (B1). That equation of state remains much deeper in the
phantom regime and evolves more rapidly, meaning that it
would find itself in the bottom far left area of the shift
symmetric theory priors in Fig. 5, which is very far from the
data constraints. To confirm this, we can also run an
MCMC fixing α2 ¼ β2 ¼ 0, which corresponds to the
model considered earlier in Eq. (7) with VðφÞ ¼ 0. This
is incredibly inconsistent with the data, with Δχ2φΛ ≃ 240.
The addition of α2 and β2 introduces considerably more
dynamical freedom and allows the equation of state to
evolve dynamically in a manner that is much closer
wðφÞ ≃ −1. Consequently, it can offer a best fit statistical
description of the data that is closer toΛCDM than the most
basic shift symmetric theory with only α1 and β1. However,
as we have seen, purely shift symmetric theories are a far
worse description of the cosmological expansion history
data than quintessence, nonminimally coupled fields, and
Galileon/kinetic braiding gravity with a broken shift
symmetry.
In Fig. 7, one can see the predicted DH ¼ c=H for each

of the models represented on Fig. 5 for their best fit
parameters to the combined CMB, BAO, and SNe
(DESY5) data (all normalized to the best fit ΛCDM
model). That is, the Galileon model with the broken shift
symmetry (blue) as expected closely tracks the nonminimal
model (red) which, as we have seen, shares overlapping
theoretical priors and very similar behavior for the equation
of state. These are also clearly the two best descriptions of
the data as we have seen from various statistical analyses
and their theoretical priors. One also sees that minimally

FIG. 5. Theory priors of various dark energy models as in
Fig. 1, but now including the pure shift symmetric version of the
Galileon theory.
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coupled thawing quintessence (yellow) does not describe
the data as well. Coming then to the purely (unbroken) shift
symmetric cases considered here, one sees the best fit from
the general shift symmetric theory [Eq. (B1)] and the more
restricted shift symmetric theory (α2 ¼ β2 ¼ V ¼ 0; see
Fig. 1 for a representative equation of state). As anticipated

in the preceding discussion concerning theoretical priors,
the best fit general shift symmetric theory (purple dashed)
tracks ΛCDM closely with minimal dynamics. However,
the restricted shift symmetric theory (purple dotted) which
maintains substantial phantom behavior throughout its
evolution is grossly inconsistent with the data.

FIG. 6. Left: 68% and 95% CL posterior distributions for the shift symmetric dark energy model parameters. Right: posterior
constraints on wðzÞ for the shift symmetric dark energy model.

FIG. 7. Predicted DH for the best fit dark energy models normalized to the ΛCDM best fit (CMB+BAO+DESY5): (blue) broken shift
symmetric Galileon/kinetic braiding scalar field; (red) nonminimally coupled scalar field; (yellow) minimally coupled quintessence;
(purple dashed) general shift symmetric theory; (purple dotted) shift symmetric with α2 ¼ β2 ¼ V ¼ 0 as in Fig. 1.
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