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We present an Effective Field Theory based reconstruction of quintessence models of dark energy
directly from cosmological data. We show that current cosmological data possess enough constrain-
ing power to test several quintessence model properties for redshifts z ∈ [0, 1.5] with no assumptions
about the behavior of the scalar field potential. We use measurements of the cosmic microwave
background, supernovae distances, and the clustering and lensing of galaxies to constrain the evo-
lution of the dark energy equation of state, Swampland Conjectures, the shape of the scalar field
reconstructed potential, and the structure of its phase space. The standard cosmological model still
remains favored by data and, within quintessence models, deviations from its expansion history are
bounded to be below the 10% level at 95% confidence at any redshift below z = 1.5.

I. INTRODUCTION

Despite the successes of the cosmological constant plus
cold dark matter (ΛCDM) model at explaining a wide
range of cosmological observations, the physical origin of
the driver of cosmic acceleration remains still unknown.
The ΛCDM model assumes a constant dark energy (DE)
density, with equation of state of wDE = −1. This is
not the only possible driver of cosmic acceleration, and
several others have been proposed (see [1–3] for reviews).

Quintessence [4] is the simplest of these models. It
consists of a single scalar field with a canonical kinetic
term, a potential that distinguishes different models,
and no non-gravitational interactions with other sectors.
Quintessence models are able to mimic the effect of the
cosmological constant, while also possessing enough de-
grees of freedom to open up a wide range of theoretical
and phenomenological possibilities that can be observed
and tested with cosmological data. These considerations
make quintessence an interesting prototype for devia-
tions from the ΛCDM model and have spawned a wide
array of theoretical studies of its cosmology (see [5] for
a review).

These studies range from dynamical analyses to find
attractor solutions [6] to the classification of different
families of potentials into, for example, “thawing” and
“freezing” depending on their cosmological behavior [7].
Quintessence models are also at the heart of the Swamp-
land Conjectures which put bounds on their properties,
based on string theoretic considerations of cosmic expan-
sion [8–10].

Much of these studies depend on specific models for
the quintessence potential or specific model assumptions.
These models have desirable qualities from a theoret-
ical perspective, such as single scale dependence and
existence of attractor solutions. Here we take a data
first approach to reconstruct the cosmological behavior
of quintessence and examine what the data has to say
about the various aspects of the model. In particular,
we do not assume the monotonicity of the potential, any
closed form for the potential, or the existence of an at-
tractor. Exploiting the Effective Field Theory of Dark
Energy [11, 12] (see [13] for a review) and following the
strategy outlined in [14], we reconstruct the family of

quintessence models permitted by the data. We use a
comprehensive array of cosmological observations to con-
strain different aspects of quintessence models that have
been previously discussed only theoretically. In doing
so, we also investigate what each piece of cosmological
observable tells us, what the limiting factors are in our
ability to constrain such theories, and what future data
may be able to tell us about these theories.

The paper is organized as follows. In Sec. II we briefly
review quintessence models and the model properties
that we will be reconstructing from data. In Sec. III we
review the data reconstruction methods and the datasets
used for this work. We present our results in full in
Sec. IV and we conclude with a summary of our results
and discussion in Sec. V.

II. QUINTESSENCE RECONSTRUCTION

The quintessence model of dark energy consists of a
scalar field φ with a standard kinetic term and a poten-
tial V (φ), and is fully characterized by the action:

Sφ ≡
∫
d4x
√−g

(
1

2
∇µφ∇µφ− V (φ)

)
. (1)

This is added to the Einstein-Hilbert action for gravity
and the total matter action to give a working cosmolog-
ical model.

The dynamical behavior of a FRW background is given
by the two Friedmann equations for H ≡ d ln a/dτ in
conformal time τ , and the scalar field equation of motion:

3M2
PH2 =

φ̇2

2
+ V (φ)a2 + ρma

2 ,

6M2
P Ḣ = −2φ̇2 + 2V (φ)a2 − (ρm + 3Pm)a2 ,

φ̈+ 2Hφ̇+ a2 ∂V

∂φ
= 0 , (2)

where the dot represents a derivative with respect to
conformal time; the subscript m indicates a sum over
all matter species that, in total, have density ρm and
pressure Pm, and evolve according to their continuity
equations; M2

P = 1/(8πGN ) denotes the Planck mass.
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Note that any solution satisfying the first two equations
will also satisfy the third equation.

The expansion history of a given model for the poten-
tial is fully determined by the field boundary conditions
(φ0, φ̇0) at a given time. These two boundary conditions
are effectively extra parameters of quintessence models,
in addition to the parameters specifying the potential.
The ΛCDM limit of quintessence is given by a constant
potential, set to match the value of the cosmological con-
stant, and field initially at rest φ̇0 = 0.

As we can see in Eq. (2), there is no explicit depen-
dence on the value of the field and all dependencies go
through the quintessence potential. It is then possible
to shift the potential, V (φ)→ V (φ−φc), shift boundary
conditions and obtain the exact same cosmology. This
makes it impossible to design a unique potential as a
function of φ to give the desired expansion history and
effectively makes it impossible to perform data recon-
structions of V (φ).

This is crucially where it helps to take the ap-
proach of the Effective Field Theory of Dark Energy
(EFTofDE) [11, 12, 66] which, assuming isotropy and ho-
mogeneity, parameterizes all deviations from the ΛCDM
background allowed by these symmetries. Quintessence
is in the model space covered by the EFTofDE and is
described by two free functions of time, denoted Λ and
c, in the action:

SΛ,c ≡
∫
d4x
√−g

[
Λ(τ)− c(τ) a2δg00

]
, (3)

in addition to the gravity and matter actions. Eq. (3)
explicitly breaks time diff invariance which is ultimately
what gives the quintessence scalar field as the Stueckel-
berg field restoring this symmetry. One can build the
correspondence between the two actions mapping one
into the other with:

Λ =
1

2a2
φ̇2 − V (φ) = PDE = wDEρDE ,

c =
1

2a2
φ̇2 =

1

2
(ρDE + PDE) =

1

2
ρDE(1 + wDE). (4)

Λ corresponds to the pressure of the quintessence field
while c is the average of the energy density and pressure.
In the cosmological constant case, the latter is 0 as there
is no kinetic term and 1 + wDE = 0. The Friedmann
equations are then given by:

3M2
PH2 = 2ca2 − Λa2 + ρma

2 ,

6M2
P Ḣ = −2(c+ Λ)a2 − (ρm + 3Pm)a2 , (5)

that we can use to verify the mapping relations in
Eq. (4). We can combine the two Eqs. (5) to obtain
a differential equation for H as a function of Λ only.

As discussed in [15] the dynamics are then fully set
by Λ. Then Eqs. (5) can be used to determine c so that
the relationship between Λ and c is consistent with the φ
equation of motion. Since the V, φ formulation and the
Λ, c EFT formulation of quintessence are equivalent, it

is possible to compute all quantities of interest from Λ
and c.

We start with the equation of state of dark energy that
can be computed as:

wDE ≡
PDE

ρDE
≡

1
2a2 φ̇

2 − V
1

2a2 φ̇
2 + V

=
Λ

2c− Λ
. (6)

In quintessence models this is bounded to be wDE ≥ −1
by the requirement that kinetic energy density of the
scalar field has to be positive [16–19].

Following [7] we can describe quintessence models as
“thawing” and “freezing” by looking at wDE and its
time derivative. This forms the (wDE, w

′
DE) plane that

has been thoroughly studied in literature, i.e. [20–22].
“Thawing” refers to a scenario in which φ starts nearly
stationary away from the minimum due to the Hub-
ble friction in the early universe. This corresponds
to wDE ∼ −1 and time derivatives w′DE ∼ 0, where
′ = d/d ln a. Then, φ starts to slowly roll down towards
the minimum, which lifts wDE above −1 with positive
time derivatives. “Freezing” is the scenario in which the
opposite happens: φ starts already rolling towards the
minimum, corresponding to wDE > −1. As φ approaches
the minimum, the potential and the Hubble friction slow
down the field velocity and wDE approaches -1, settling
there asymptotically in the future.

The quintessence potential, as a function of time, can
be computed as:

V (a) = c− Λ . (7)

This quantity is of special interest for building work-
ing models of quintessence and, more recently, due to
the Swampland Conjectures [8–10] putting bounds on
properties of the potential. Given the difficulties with
constructing a positive cosmological constant from the
theory space of string theory, recent literature has con-
jectured that dark energy must be a scalar field that un-
dergoes non-trivial changes throughout cosmic history
such that it is decidedly unlike a cosmological constant.
These conjectures state that for a single scalar field, in
Planck mass units,

|∇φV |/V & O(1) or −∇2
φV/V & O(1)

|∆φ| . O(1) (8)

The ratio of the absolute value of the gradient of the
potential and its value must be bound from below by a
number of order unity. Or, the ratio of the second deriva-
tive and the potential value must be bound from above
by a negative number of order unity. These two condi-
tions rule out behavior that mimics a cosmological con-
stant. In addition, field traversal, |∆φ|, must be bounded
from above by a number of order unity. For a discussion
of the cosmological implications of the Swampland Con-
jectures see e.g. [23–25]. Both quantities in Eqs. (8) can
be computed in terms of Λ. Suppose that we have Λ
as functions of e-folds, N = ln a, and we can compute c
and their derivatives. Then we can also derive V as a
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function of e-folds. The quantities of interest evolve as
follows:

dφ

dN
=

(
dN

dτ

)−1
dφ

dτ
=

√
2ca2

H , (9)

where we assumed that φ increases monotonically at
least at times of interest. With these we can compute
the quantities relevant to the Swampland Conjectures:

∇φV
V

=
1

V

dV/dN

dφ/dN
=
d lnV

dN

√
H2

2ca2
,

∇2
φV

V
=

1

V

(
∂2
NV

(∂Nφ)2
− (∂NV )(∂2

Nφ)

(∂Nφ)3

)
,

∆φ =

∫
dφ =

∫ N

N0

√
2ca2

H dN , (10)

where N0 is the cosmic time with respect to which one
chooses to compute field traversal. Note that these equa-
tions highlight that the value of the scalar field has no
physical meaning; the quantity relevant for cosmology is
its variation.

The cosmological dynamics of quintessence models
have often been studied using a set of phase space vari-
ables [6] that describe the field kinetic and potential en-
ergy. These were used to study the presence of attractor
solutions that mitigate the need to fine-tune quintessence
models. Starting from Λ, c we can compute these as well:

x =
φ̇√
6H

=
1√
6

dφ

dN
=

√
ca2

3H2
, (11)

y =

√
V a√
3H

=

√
(c− Λ)a2

3H2
, (12)

and notice that these variables are defined such that:

x2 + y2 =
1
2 φ̇

2 + V a2

3H2
= ΩDE ≤ 1 , (13)

where x2 and y2 represent the contributions of the scalar
field kinetic and potential energy respectively.

It is impractical to consider the bare value of Λ so in
the following we consider relative variations with respect
to the cosmological constant value of the corresponding
ΛCDM model and define:

∆Λ

Λ
≡ Λ(a)

3(1− Ωm)M2
PH2

0

− 1 . (14)

III. DATASETS AND METHODOLOGY

To perform the EFT reconstruction we follow the
methodology outlined in [14]. This follows from [26] and
allows one to reconstruct a function of time by only im-
posing a correlation prior on its time variations. This
type of prior enforces smoothness of the reconstructed
function and behaves as a low-pass filter that allows slow
variations in the reconstructed functions to go through

while penalizing fast variations. Similar reconstruction
approaches have already been successfully applied to dif-
ferent phenomenological DE/MG properties [27–46].

Following [15] we impose a minimum correlation
length of ∆a = 0.3 and we reconstruct the EFT function
∆Λ(a)/Λ in the range a ∈ [0.1, 1.0], imposing the early
times limit that the ΛCDM scenario be recovered. This
is ultimately due to the fact that the theoretical prior
for the correlation length that we use was derived in [15]
only at late times. This leaves out early dark energy
type models [47, 48] that we will discuss in a separate
paper.

Once the reconstruction range and the prior correla-
tion length are fixed we can represent the EFT function
of interest as a spline going through a sufficient number
of nodes per correlation length. In our reconstruction
range we have three full correlation lengths and we pick
15 spline nodes. This ensures that we have five spline
nodes per correlation length. Adding more nodes would
not change results since sub-correlation length variations
are suppressed by the correlation prior.

The assumption of a ΛCDM cosmology at early times
influences the first correlation length that spans redshifts
greater than z ∼ 1.5. For this reason we exclude the re-
gion z > 1.5 when reporting quantitative results. In
plots we will highlight with a gray shading the part that
is influenced by this constraint. The correlation prior
decays exponentially so that one correlation length from
the ΛCDM bound is enough for its impact to be negligi-
ble at later times.

To perform the quintessence reconstruction we use
three different combinations of datasets. We start with
a “baseline” dataset that includes: the Planck 2018
measurements of CMB temperature and polarization at
small (Planck 18 TTTEEE) and large angular scales
(lowl+lowE) [49, 50]; the CMB lensing potential power
spectrum in the multipole range 40 ≤ ` ≤ 400 [51];
BAO measurements from BOSS DR12 [52], SDSS Main
Galaxy Sample [53], and 6dFGS [54]. This dataset pro-
vides our baseline constraining power on all ΛCDM cos-
mological parameters and low redshift distances since
geometric degeneracies from the CMB alone are broken.

In addition to this we consider the Pantheon Super-
novae (SN) sample [55] that provides relative distance
measurements in the redshift range z ∈ [0.01, 2.26].
Then we add measurements of the clustering and lens-
ing of large scale cosmological structures from the Dark
Energy Survey (DES) via its Year 1 dataset [56]. We con-
sider the DES measurements of galaxy clustering, lens-
ing and their cross correlation (3 × 2) at large angular
scales that are independent of the modeling of non-linear
clustering [57]. This “fiducial” data set thus includes all
datasets in the baseline combination along with SN and
DES.

We investigate the impact of the Hubble constant ten-
sion on the quintessence reconstruction using the SH0ES
measurement of the Hubble constant, H0 = 74.03± 1.42
(in units of km s−1 Mpc−1 here and throughout) [58].
Since late-times quintessence models cannot relieve this



4

0.0 0.5 1.0 1.5 2.0

redshift (z)

-0.20

-0.10

0.00

0.10

0.20

0.25

∆
Λ
/
Λ

a) baseline

zeq zacc

1.0 0.67 0.5 0.4 0.33
scale factor (a)

0.0 0.5 1.0 1.5 2.0

redshift (z)

-0.20

-0.10

0.00

0.10

0.20

0.25

∆
Λ
/
Λ

b) fiducial

zeq zacc

1.0 0.67 0.5 0.4 0.33
scale factor (a)

FIG. 1. The data constraints on ∆Λ/Λ as a function of redshift and scale factor. Panel a) shows the reconstruction obtained
by fitting our baseline dataset combination of CMB and BAO measurements; Panel b) shows the reconstruction with the
addition of SN and DES data. In both panels the white line shows the mean reconstructed behavior, solid lines from darkest
to lightest show the 68%, 95%, and 99.7% C.L. regions. The two dashed vertical lines show the redshift of dark matter/dark
energy equality, zeq, and the redshift when cosmic acceleration begins, zacc. The horizontal dashed line shows the ΛCDM limit
of the model. The grey shading highlights the first reconstruction correlation length that is influenced by the assumption that
the ΛCDM model should be recovered at early times.

tension [25, 59–61] we do not include the Hubble con-
stant measurement in the fiducial dataset combination
that we use. Further we note that there are other mea-
surements of the Hubble constant that have lower val-
ues [62, 63] but we do not consider them since they would
not alter the results qualitatively.

To summarize, we follow the naming convention:

• Baseline = Planck 18 TTTEEE + lowl + lowE +
CMB lensing + BOSS DR12 BAO + SDSS MGS
BAO + 6dFGS BAO

• Fiducial = Baseline + Pantheon SN + DES Y1
3× 2

• Fiducial + H0

In addition to the parameters used for the quintessence
reconstruction we include the standard 6 parameters of
the ΛCDM model: baryon density Ωbh

2; cold dark mat-
ter density Ωch

2; the initial curvature spectrum normal-
ization at k = 0.05 Mpc−1 As, and its tilt ns; the opti-
cal depth to reionization τ ; the angular size of the CMB
sound horizon θs. All these parameters have the usual
non-informative priors [50]. We include all the recom-
mended parameters and priors describing systematic ef-
fects in the different data sets we consider. We fix the
sum of neutrino masses to the minimal value (e.g. [64]).

To produce cosmological predictions and compare
them to data, we use the EFTCAMB and EFTCos-
moMC codes [65, 66], modifications to the Einstein-
Boltzmann code CAMB [67] and the Markov Chain

Monte Carlo (MCMC) code CosmoMC [68] respectively.
For the statistical analysis of the MCMC results we use
GetDist [69]. We sample the posterior parameter distri-
bution until the Gelman-Rubin convergence statistic [70]
satisfies R− 1 < 0.01 or better.

IV. RESULTS

A. Reconstruction of quintessence

We start with constraints on ∆Λ/Λ as it is the quan-
tity that is directly estimated from the data. Other re-
sults are derived from the ∆Λ/Λ reconstruction along
with the standard cosmological parameters.

In Fig. 1 we show ∆Λ/Λ considering the baseline and
fiducial dataset combinations. As we can see in Panel a)
the baseline data combination constrains |∆Λ/Λ| < 15%
at 95% C.L. at all times of interest. The constraint that
the present day value of ∆Λ/Λ should be negative follows
from the positive definiteness of the scalar field kinetic
energy density. At earlier times there is no such con-
straint. By comparing the two panels of Fig. 1 we can
see that the fiducial data combination is sensibly more
constraining, enforcing |∆Λ/Λ| < 11% at 95% C.L. at all
redshifts of interest. This improvement is mostly driven
by SN data that span a large redshift range with accu-
rate distance measurements. From the figure we do not
see any significant deviation from the ΛCDM model, and
have confirmed that the χ2 of the fit does not show signif-
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icant improvement over ΛCDM for either dataset com-
bination. We note that the mean seems to show devia-
tions from the ΛCDM model because of non-Gaussianity
in the marginalized ∆Λ/Λ posterior close to the ΛCDM
limit.

We can compute how many quintessence parameters
are constrained by data over the prior, as discussed
in [71], by comparing the prior and posterior covari-
ances of the reconstruction parameters, i.e. the values
of ∆Λ/Λ at the spline nodes. We find that our baseline
data combination constrains four parameters, in addition
to the six ΛCDM parameters. Our fiducial dataset con-
strains five. We notice that this number is higher than
what reported in [14] because of the updated datasets we
use, including the latest release of CMB measurements
from Planck and galaxy clustering from DES. This num-
ber is also significantly higher than what is commonly
used in phenomenological parametrizations of the DE
equation of state that are generally limited to one or
two extra parameters. This means that these simpler
parametrizations, while they might still allow the detec-
tion of deviations from ΛCDM, are not guaranteed to
allow the data to express their full constraining power.
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FIG. 2. Constraints from data on the dark energy equa-
tion of state, wDE(z), as a function of redshift. The colored
bands show the 68% C.L. regions, as a function of time, for
the different dataset combinations we consider, as shown in
legend. Other figure conventions follow Fig 1. We note that
the model has to have wDE(z) ≥ −1 to satisfy the theoretical
viability requirement of positive kinetic energy density.

We can propagate the constraints on ∆Λ/Λ to con-
straints on wDE(z), as discussed in Sec. III. The results
are shown in Fig. 2 where we can see the 68% C.L. con-
straints on wDE(z) from the different dataset combina-
tions we consider.

As we can see for all dataset combinations wDE(z)
is forced against the ΛCDM limit. This limit can-

not be crossed since quintessence models require that
wDE(z) ≥ −1 at all times. The baseline data combi-
nation pushes toward that boundary since CMB+BAO
slightly prefers wDE(z) < −1, as noted in [49]. Addi-
tional datasets do not change this appreciably but are
more constraining, especially at late times. In particular
a large increase in constraining power results from the
addition of the H0 measurement. This reflects the fact
that quintessence cannot solve the tension between lo-
cal and CMB distance calibrations as that would require
wDE < −1. So the H0 measurement appears to provide
more constraining power than is reasonable, which is the
reason we exclude it from the fiducial results.

At all times the DE equation of state is constrained
to be 0 ≤ 1 + wDE ≤ 0.15 at 95% C.L. by the baseline
dataset and 0 ≤ 1 + wDE ≤ 0.10 by the fiducial dataset,
compatible with the bounds on ∆Λ/Λ.

B. (wDE, w
′
DE) phase space trajectories

From the DE equation of state we can reconstruct tra-
jectories in the (wDE, w

′
DE) phase space, proposed by [7]

in the context of “freezing” and “thawing” scenarios. In
Fig. 3 we show the data constraint on the (wDE, w

′
DE)

plane from the baseline and fiducial datasets. The shad-
ing represents the hit-count of how many times the
(wDE, w

′
DE) trajectories passed through a certain bin of

the phase space. The arrows represent the average ve-
locity vector of the (wDE, w

′
DE) trajectories at a given

bin. Gray arrows show the behavior of trajectories in
the regime where there is no data constraint (z > 1.5)
while the black arrows highlight behavior in the data
constrained regime (z ∈ [0, 1.5]). The red region is
approximately the allowed region for “thawing” scenar-
ios and the yellow for “freezing” scenarios as described
by [7].

These plots show that in general the reconstructed cos-
mologies do not appear to follow either the “freezing”
or “thawing” scenarios. This is not to say that we can
rule out those scenarios. The constraining power neces-
sary for such a distinction is on the order of σ(w′DE) ≈
1+wDE [7, 20]. For z < 1.5 where we actually have data
constraints, 1 + wDE . O(0.01) and σ(w′DE) ∼ O(0.1).
That is, the constraining power we have on w′DE is about
1 order of magnitude too weak to rule out either scenar-
ios. Rather, trajectories come in toward (−1, 0) from the
“freezing” region and once that point is reached start cir-
cling around that point. In doing so, some trajectories
violate the w′DE > −3(1 − w2

DE) limit set in [20]. That
limit assumes the potential to be monotonically decreas-
ing in φ whereas our results do not [33]. A sizable por-
tion of the trajectories have non-monotonic potentials,
as will be discussed later in relation to the Swampland
Conjectures.

Fig. 3 highlights one aspect of the DE equation of state
reconstruction that was hidden in Fig. 2. Oscillations in
wDE weaken integral constraints. Present constraints on
wDE come from distance measurements which are related
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FIG. 3. Reconstructed trajectories in the (wDE, w
′
DE) plane for two different dataset combinations. In both panels the shading

represents the number density of trajectories. The arrows indicate the average velocity (w′
DE, w

′′
DE) at a given position. The

gray arrows highlight the behavior of the reconstructed trajectories before data constraints enter at z = 1.5. The red lines
enclose the “thawing” region from [7] and the yellow lines enclose the “freezing” region. The black dashed line line shows
where w′

DE = −3(1−w2
DE) [20]. Instead of a clear “freezing” or “thawing” behavior, trajectories reconstructed from the data

start in the “freezing” region, reach wDE = −1, and oscillate around that point as a consequence of the data’s preference for
wDE ≈ −1.

to integrals of wDE instead of its actual value at differ-
ent redshifts. The phase and frequency of oscillations
in wDE are then weakly constrained by data. This is
similar in nature to the argument given in [72]. Since
the data prefers wDE = −1 and since physical viability
enforces wDE ≥ −1 the reconstructed wDE(z) oscillates
close to the wDE = −1 line. In Fig. 2 these oscillatory
modes in the wDE reconstruction are averaged away and
the 68% C.L. bounds look non-oscillatory. The oscilla-
tions are not synchronized across samples, so averaged
over many samples the oscillatory behavior is not visi-
ble. In the (wDE, w

′
DE) space these bounces clearly look

like circles as in the phase space of the harmonic oscil-
lator. As we add more data constraints, in going from
Panel a) to Panel b), we shrink the amplitude of these
oscillations and hence the viable volume in phase space.
This shows that, in order to distinguish between “thaw-
ing” and “freezing” models, independent of assumptions
about the potential, we need to break the intrinsic data
degeneracy that allows for oscillatory modes in wDE(z).

C. The Swampland Conjectures and the
quintessence potential

We now turn to quintessence physical properties
rather than phenomenological quantities. In Fig. 4 we
show the reconstruction of the quintessence potential
V (z) as a function of redshift with the fiducial dataset
combination. Other datasets do not qualitatively al-
ter this picture but only quantitatively impact the error
bars. As we can see the overall potential scale is set by
the required energy density of DE at late times. At ear-
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FIG. 4. The reconstructed quintessence potential, V (z), as
a function of redshift for the fiducial dataset combination.
Conventions for the different confidence interval curves fol-
low Fig 1. Though the V (z) behavior generally resembles a
downhill motion of φ, we note that individual V (z) trajecto-
ries are not monotonic, as was the case with wDE.

lier times the potential is increasing as the field had to
roll downhill. We note that, similarly to what happens
for the equation of state, while the averaged reconstruc-
tion looks monotonic and smooth the single potential
samples are usually not.
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FIG. 5. Reconstruction of the derivative of the quintessence
potential, Vφ/V , as a function of redshift for the fiducial
dataset combination. The curves showing confidence inter-
vals follow the conventions of Fig 1. We do not find a O(1)
lower bound to |Vφ/V | and would need more constraining
power to find a O(0.1) one.

We can now consider the derivatives of the potential
that are related to Swampland Conjectures. We start
with the part of the conjecture that concerns the first
derivative of the potential, shown in Fig. 5, i.e. the re-
construction of Vφ/V from the fiducial data set. With
present constraining power, we find at the 68% confi-
dence level that −1 . Vφ/V . 0 across z ∈ [0, 1.5].
Consistent with prior work [25], there is no O(1) lower
bound to |Vφ/V |. We need more constraining power to
obtain a possible upper bound of O(0.1).

We have tested the second derivative of the potential
but found that the constraints are weak. This is under-
standable since wDE is constrained by distance measure-
ments. Distances are given by integrals of wDE. wDE

and VDE are related algebraically, therefore Vφφ enters
at the level of the third derivative of measured quan-
tities. In a polynomial expansion third derivatives are
related to the fourth coefficient so our weak constrain-
ing power on the second derivative of the potential is a
reflection of the fact that present datasets measure 4 to
5 extra dark energy parameters – constraints on the last
two parameters are still weak.

We can combine the two potential constraints in
Eq. (8) to see that one scenario unambiguously forbid-
den by this Swampland Conjecture is a local minimum
in V (φ) at V > 0 with |V ′/V | = 0 and V ′′/V > 0. We
find that the V (φ) implied by about 66% of our MCMC
samples violate the conjecture as they possess a local
minimum for z ∈ [0, 1.5]. This number allows us to con-
clude with more concreteness that our results do not
clearly favor either compliance or non-compliance with

0.0 0.3 0.6 0.9 1.2 1.5

redshift (z)

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

∆
φ
≡
φ

(z
)
−
φ
z
=

0

zeq zacc

1 0.77 0.62 0.53 0.45 0.4
scale factor (a)

FIG. 6. The data reconstructed scalar field excursion,
∆φ(z) = φ(z)−φ(z = 0), as a function of redshift for the fidu-
cial dataset combination. Figure conventions follow Fig. 1.
To 95% C.L., we find |∆φ| < 0.2, between z = 0 and 1.5,
compatible with the Swampland Conjectures. This result is
qualitatively robust to changing dataset combination.

the Swampland potential constraints.

We then consider the second part of the Swampland
Conjectures which imposes an order unity upper bound
on field traversal, ∆φ . O(1). This is tested in Fig. 6
that computes field excursion from the present day value
of the field. With current data, the constraints are al-
ready of order 0.1, so we can make a more definite state-
ments about the ∆φ Swampland Conjecture than we can
about the potential Swampland Conjecture. We find
that at all redshifts of interest |∆φ| < 0.23 at 95% C.L.
for our baseline dataset combination and |∆φ| < 0.20
at 95% C.L. for the fiducial data set, both of which are
bounds compatible with the Swampland Conjectures.

With knowledge of ∆φ(z) as shown in Fig. 6 and
V (φ(z)) as shown in Fig. 4, it is possible to reconstruct
V (∆φ) without reference to z. The results are shown in
Fig. 7. Note that, as a consequence of translation invari-
ance of the potential, cosmological observations cannot
constrain V (φ) but only V (∆φ), i.e. the part of the po-
tential that is traversed during cosmological evolution.
The (φ, V ) plot is a useful tool for examining general
characteristics of the potential. The potential favored
by the data appears to have, on average, a negative first
derivative and a positive second derivative throughout
z ∈ [0, 1.5]. However, as Fig. 3 hints, 69% of our MCMC
samples imply at least one extrema in their V (φ) recon-
structions. Fig. 7 shows five randomly selected samples,
which typically have bumps and plateaus – though at
different values of ∆φ. With current datasets we can-
not rule out small bumps in V (φ) though the average
behavior seems monotonic.
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FIG. 7. V (∆φ) reconstructed for the fiducial dataset combi-
nation. Shading represents the number density of (φ, V ) tra-
jectories and in addition five randomly selected reconstruc-
tions are shown by the curves. With current data, we cannot
rule out non-monotonicity of V (φ). Note also that larger val-
ues of field excursion are correlated with larger values of the
potential.

D. Dynamical phase space trajectories

We can now look at the phase space of quintessence as
defined in Eq. (11). This is shown in Fig. 8 for our fidu-
cial dataset combination. Like in the (wDE, w

′
DE) phase

space diagram, the background color indicates number
density of trajectories in phase space, as allowed by data
constraints, and the arrows are the average velocity in
phase space at a given position. Since x2+y2 = ΩDE, dif-
ferent solid lines indicate its early time value at z = 1.5
and today. The gray box is the region where trajectories
are not constrained by data. As we can see the phase
space of quintessence is heavily constrained by data and
there is no clear attractor to which the trajectories seem
headed. Using the k-means clustering algorithm to de-
tect clusters of paths and their representative dominant
paths in the phase space, we find that the dominant
paths’ end points are scattered across the ΩDE = 0.69
line as one may expect from the arrows. This means that
the data constraints do not appear to favor an attractor
solution. The general flow is upwards and only slightly
to the right, meaning that it is mostly the potential en-
ergy of φ that comes to dominate the universe. The
conclusions are mostly the same with other dataset com-
binations. More constraining combinations just reduce
the viable volume of phase space and does not change
conclusions qualitatively.

0.0 0.05 0.1 0.15 0.2 0.25 0.3

x ≡ φ̇/
√

6H

0.30

0.40

0.60

0.80

1.00

y
≡
a
√
V
/
√

3H

ΩDE = 0.69

ΩDE = 0.14

FIG. 8. The quintessence phase space as reconstructed
from our fiducial dataset combination. The shading repre-
sents number density of trajectories and arrows the average
velocity (dx/da, dy/da) at a given position in phase space.
The gray shaded area indicates the region with of no data
constraints. Since x2 + y2 = ΩDE different solid circles indi-
cate relevant values of ΩDE as shown in legend. The general
flow in phase space is upwards, compatible with increasing
DE density as a function of time. Using k-means clustering
we find no definitive attractor, as explained in the text.

V. CONCLUSIONS

Using state of the art cosmological observations we
have performed a fully non-parametric EFT based recon-
struction of quintessence models from data. In particu-
lar, we make no assumptions about the potential of the
scalar field. We show that our methodology and current
data constraints are robust enough to study various the-
oretical aspects of quintessence. The datasets used are
the CMB measurements from the Planck satellite, BAO
measurements from BOSS, measurements of supernovae
distances, and galaxy clustering and lensing from DES.

The reconstructed equation of state of DE, wDE, does
not deviate from −1 at late times by more than 10%,
though it is given enough degrees of freedom to do
so. Specifically for our fiducial choice of datasets we
show that in the redshift range z < 1.5, at 95% C.L.
0 ≤ 1+wDE ≤ 0.10, with the wDE > −1 constraint com-
ing from the theoretical prior for single field quintessence
models. Furthermore, reconstructing the (wDE, w

′
DE)

phase space, in Fig 3, we find that present cosmological
data does not simply follow the classification in “freez-
ing” or “thawing” scenarios. Instead, the preferred evo-
lution of wDE is such that it oscillates with the mini-
mum close to wDE = −1. We discuss in Sec. IV B how
the reconstructed phase space trajectories are sensitive
to different assumptions in the literature about mono-
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tonicity of V (φ). In order to identify and discriminate
between “freezing” and “thawing” scenarios we find that
the constraints on the time derivative of the DE equation
of state will need to be an order of magnitude stronger,
so such a task awaits major improvements in the avail-
able data.

From the equation of state of DE we have recon-
structed the quintessence potential and obtained gen-
eral constraints on Swampland Conjectures in the sin-
gle field dark energy case. Regarding the conjecture on
the slope of the potential V (φ), we find no evidence for
an order unity lower bound on |Vφ/V |, as in Fig. 5 –
consistent with our finding of no significant detection
of deviations from ΛCDM. On the other hand an upper
bound ofO(0.1) could be obtained in the coming years as
datasets with increased constraining power will become
available. Current data constraints are also not strong
enough to provide meaningful bounds on the alternative
conjecture −Vφφ/V & O(1). Our fiducial dataset com-
bination is, however, constraining enough to confirm the
conjecture that field traversal is bound from above: we
find |∆φ| < 0.20 at 95% C.L.

We have shown the fully reconstructed dark energy
phase space, Fig. 8, and find that the viable region is
severely constrained towards the slow roll limit. That is,
the potential energy is dominant compared to the kinetic
energy of the scalar field. We find no indication of the
existence of an attractor towards which the phase space
flows are headed.

These general conclusions apply not just for our fidu-
cial dataset choice but are stable to the inclusion or

removal of its components. More and more accurate
data in the low-z, late-time regime will add constraining
power, strengthening the results above. In particular, as
shown in Sec. IV, the preferred behavior of wDE is to
oscillate but the phase is entirely unconstrained. This
occurs because present data constrain distances, i.e. in-
tegrals of wDE, at the first derivative level. Planned
direct measurements of H(z) from BAO surveys would
allow us to constrain the phase of wDE oscillations as
well, and better constrain Vφφ/V . The methodology
used here to constrain the EFTofDE and then trans-
late the constraints to covariant quantities could also be
used to shed light on other Swampland Conjecture-like
considerations, such as those for non-canonical kinetic
terms considered in [73, 74], as well as the forms of gen-
eral Horndeski coupling functions.
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