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We discuss the cosmological implications of the string swampland conjectures for late-time cosmology, and test them against a wide range of state of the art cosmological observations. Tension
between the refined de Sitter conjecture on the minimal slope or the curvature of the potential and
observations, especially the Hubble constant, exists at a level of 4.5σ and 2.3σ, respectively. We also
derive and constrain the relationship between cosmological observables and the scalar field excursion
during the acceleration epoch, thereby testing the distance conjecture.

I.

INTRODUCTION

There is currently a vibrant debate in string theory about whether space-times with positive cosmological constant are compatible with quantum gravity. If
metastable de Sitter space-times are part of the swampland, namely the set of backgrounds that are incompatible with quantum gravity [1], then the implications for
dark energy and late-time cosmology are quite striking.
Specifically the observed dark energy (DE) must be timedependent.
What we know today is that four-dimensional or higher
de Sitter space-times are ruled out as solutions of the
D=10 or D=11 fundamental supergravity theories [2, 3],
and as solutions of type I/heterotic supergravity together
with the leading higher derivative couplings [4, 5], and
as solutions of heterotic world-sheet conformal field theory [6]. This is compelling evidence that de Sitter spacetime cannot be found in regions of parametric control in
string theory. This same conclusion can also be argued
from entropy considerations in regimes of weak coupling
in string theory [7].
On the other hand, there most definitely exist landscapes of supersymmetric flux vacua in string theory with
Minkowski space-times. These landscapes were originally
constructed in F-theory/type IIB string theory [8], but
duality leads to similar supersymmetric landscapes in the
heterotic and type I strings. It is worth stressing that
these landscapes are perturbative constructions that can
certainly be destabilized by non-perturbative quantum
effects.
There are an enormous number of such F-theory backgrounds. Each background is constructed from a given elliptic Calabi-Yau 4-fold together with a choice of compatible flux and branes, subject to a charge tadpole condition [9, 10]. Recent estimates of the number of compactification geometries provide lower bounds of O(10755 ) [11],
and of O(103000 ) from a recent Monte-Carlo based estimate [12]. On the other hand, a single given geometry
has been estimated to support of O(10272,000 ) distinct
flux vacua [13].

The above statements are largely without controversy. The issue of turning the enormous complexity of
Minkowski flux vacua into a landscape of metastable de
Sitter solutions is far more controversial. The most popular approaches are based on type IIB flux backgrounds
which break supersymmetry [14]. Quantum corrections
to the low-energy effective action are estimated as if such
backgrounds are static solutions of string theory. Unfortunately, such backgrounds are not static solutions of
string theory [15]. Quantum effects in string theory, particularly non-perturbative effects but even loop corrections, have to be computed around a meaningful solution
of string theory.
Currently no such time-dependent solution is known.
If any solution could be constructed from that initial
value data, it is likely to be strongly coupled in either the
far future or the far past. The structure of quantum corrections to the space-time effective action would require
an understanding of that strongly coupled background.
This is the basic problem with type IIB landscape proposals. For related comments as well as a different perspective, see [16, 17]. Under the assumption that this
fundamental problem can somehow be evaded, there are
many additional issues concerning uplifting type IIB constructions to de Sitter space-time reviewed in [18], with
some very recent analysis found, for example, in [19–21].
Conspicuously absent in the preceding discussion is any
mention of type IIA or M-theory landscapes of vacua. In
both these cases, even the basic ingredients for evading
the supergravity no-go theorems are poorly understood.
Duality certainly suggests that those ingredients should
exist, but the analogues of the higher derivative contributions to both the type IIB tadpole conditions and equations of motion are more complicated; for the tadpole,
the contributions are determined by both the choice of
flux and metric rather than metric alone [22]. There are
interesting attempts to stabilize moduli and construct de
Sitter landscapes for compactifications of M-theory on
G2 manifolds without flux [23, 24]. However, it seems
likely that flux will again be essential for understanding
the structure of generic compactifications in this corner
of string theory.
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The other approach has been to propose constructions
in massive IIA. The older approaches use large volume
Calabi-Yau manifolds as starting points [25]. These approaches fail to solve the equations of motion of massive IIA [22]. There are attempts to rescue such approaches by using ingredients like smeared orientifolds.
However, orientifolds are defined as quotients of weakly
coupled string theory, and they are not smeared. For recent discussions of this and related type IIA issues, see
for example [26–32]. Very recently, de Sitter solutions of
massive IIA have been proposed without smearing orientifolds [33]. The status of these de Sitter constructions
will depend on whether one can make sense of O8-planes
in a theory like massive IIA, which does not have a perturbative world-sheet description.
Given the murky status of de Sitter constructions in
string theory today, one could adopt one of the following
viewpoints:
(a) There is sufficient complexity in the space of string
vacua and sufficient ingredients that a landscape of
de Sitter solutions, although hard to exhibit, is inevitable.
(b) De sitter space-time is part of the swampland, and
dark energy must be time-dependent.
(c) We do not have enough theoretical understanding yet
to make a determination.
This work is concerned with possibility (b), which has
been codified in the swampland conjectures [7, 34, 35].
The first of these conjectures provides a simple and powerful constraint on the scalar potentials that can emerge
from string theory. It is a bold and provocative claim
with observational consequences that merits serious investigation. The second conjecture is far less provocative with far more theoretical support, and constrains
the validity of effective field theory for large scalar field
excursions:
• C1: The refined dS conjecture requires that any
scalar field potential from string theory obeys either,
C1.1 :

MP

|V 0 |
≡ λ & O(1) ,
V
(1)

or
C1.2 :

−MP2

00

V
≡ c2 & O(1) .
V

• C2: The distance conjecture constrains field excursions to be small in Planck units over cosmic
history if one wishes to trust effective field theory,
∆φ
≡ d . O(1) .
MP

(2)

Whatever constitutes dark energy, it must behave
quite closely to a pure cosmological constant with λ =

c = 0, and we want to determine whether the swampland conjectures are already in tension with observation.
The main alternative to pure vacuum energy is some
version of quintessence [36]. Quintessence models are
relatively easily embedded in supergravity [37], but are
much harder to construct in string theory; see, for example, [38]. Such models are also accompanied by a host
of well-known phenomenological problems; for a very recent discussion and references, see [39]. In the absence of
detected deviations from a ΛCDM cosmology, cosmological observations will place upper limits on the constants
λ and c involved in these conjectures. We will test the
classes of potentials that place the weakest bounds on
these quantities to arrive at the most conservative assessment of these conjectures.
While observational bounds on λ have been recently
examined in the context of C1.1 [36, 40, 41], we complete
the study of the observational viability of the C1 conjecture with an assessment of c as well. We also carefully
address the dependence of the constraints on the data
employed, especially the Hubble constant, treat both
background and linear perturbation observables exactly
rather than approximately or through proxy statistics.
Finally we determine quantitative observational bounds
on field excursion both in conjunction with C1, and in
the context of C2 alone using dark energy reconstruction
techniques.
This paper is organized as follows: in Sec. II we discuss
the potentials involved in testing the swampland conjectures and their implications for field excursion; in Sec. III
we detail the cosmological data sets that we use to obtain
the constraints presented in Sec. IV. We summarize our
findings in Sec. V.
II.

POTENTIALS AND FIELD EXCURSIONS

The C1 conjecture asserts a minimum value for the
scaled slope, λ, or curvature, c2 , of the potential. The
limiting cases which provide the least deviation from the
successful ΛCDM cosmology are the potentials that keep
either of the two parameters constant across cosmic history.
For C1.1, assuming λ is constant and a single field
model leads to an exponential potential:
V (φ) = A exp(−λφ) ,

(3)

where A is the scale of the potential. Notice that this
potential always fails condition C1.2. However because
C1 can be satisfied either through C1.1 or C1.2, the exponential potential can still be compatible with C1.
For C1.2, assuming c2 is constant leads instead to a
cosine potential:
V (φ) = B cos(cφ) ,

(4)

where B is the potential scale, and we have not considered an additional overall phase because it does not influ-
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ence the cosmological evolution. Notice that this potential always fails condition C1.1 but can still be compatible
with C1.
Both classes of potential are well motivated from string
theory. Supersymmetric models naturally tend to give
potentials of this type. For example, race-track models
with superpotentials involving multiple gaugino condensates give rise to both classes of potentials. However,
it is not unreasonable to expect the low-energy physics
to only involve potentials of type Eq. (4) for several axions with other modes massed up at a high scale. Models
with of O(100) axions with potentials that consist of sums
of cosines like Eq. (4) can lead to complicated and rich
potential landscapes, which are still amenable to analysis [42, 43]. In this work, we will restrict to the simplest
case of a single field model.
The C1 conjecture in either form excludes the ΛCDM
cosmology since it is recovered only for a flat potential
where λ = c = 0. In addition, the second conjecture,
C2, when paired with C1 provides an interesting internal tension with cosmology [36]. Given a potential with
a finite first derivative, the field must roll by at least a
finite amount during the past cosmological history. A
large second derivative would also generally imply a finite first derivative except for certain finely tuned initial
conditions.
To calculate the amount of roll during the past expansion history, consider the cosmological Klein-Gordon
equation for the field φ(N ), where N ≡ ln a is the e-folds
of the expansion:


H0
1 dV
00
φ + 3+
φ0 + 2
= 0.
(5)
H
H dφ
The primes represent derivatives with respect to the argument, N , and H ≡ dN/dt is the Hubble parameter
which damps the evolution of the field.
Assuming that φ0 is finite at N → −∞, Eq. (5) has
the implicit solution
e−3N
φ (N ) = −
H
0

Z

N

dÑ
−∞

e3Ñ dV
,
H dφ

so that the total field excursion can be written as:
Z 0
Z
e−3N N
e3Ñ dV
∆φ = −
dN
dÑ
.
H
H dφ
−∞
−∞

(6)

(7)

In general the total field excursion depends on the potential. The minimum amount of excursion comes from
potentials where the field is nearly frozen by Hubble drag
in the radiation and matter dominated epochs and only
released during the final e-folds of the expansion during
the acceleration epoch. These models are known as thawing models. In this case, given the tight current observational constraints in the acceleration epoch, it is usually
a good approximation to assume that V 0 (φ) = const.
and that H(N ) can be approximated by the flat ΛCDM
expansion history. We can then integrate Eq. (6) and

rewrite this in terms of λ evaluated around the thawing
epoch:
√ 



λ
1
1 + ΩΛ
√
√
|∆φ| =
ln
−2 .
(8)
3
ΩΛ
1 − ΩΛ
Here ΩΛ = ρΛ /ρtot is the fraction of the total energy density today in Λ for the assumed ΛCDM expansion history.
While this approximation represents a linearization in a
small λ around ΛCDM such that for the scalar field DE
limλ→0 ΩDE = ΩΛ , we shall see that this approximation
works across the whole range allowed by the data for an
exponential potential. This is because of a cancellation
between the nonlinearity of the roll and the ΩDE (λ) required by CMB data. Therefore, when applying Eq. (8)
below, we shall always employ ΩΛ = 0.69, which is the
best fit for ΛCDM. This results in the linear relation
|∆φ| ≈ 0.29λ ,

(9)

which is steeper than the one reported in [36] of |∆φ| ≈
λΩDE /3 ≈ 0.23λ by a small, but as we shall see below,
significant amount.
Note that the same formula allows us to compute the
roll between any two epochs as well. To compute |∆φ|
from −∞ to some other epoch N , we simply make the
replacement
ΩΛ → ΩΛ (N ) =

ΩΛ (0)
,
ΩΛ (0) + [1 − ΩΛ (0)]e−3N

(10)

which is the fraction of the total density in the cosmological constant. We can then take differences of these
computations to find the roll between any two epochs
that are well after radiation domination.
Since thawing models produce the least amount of field
excursion, they provide the most incisive combination of
the C1 and C2 conjectures since the field must roll by
at least some minimal amount for a given λ for C1.1 and
λ(c, φ(N ∼ 0)) for C1.2. However if we consider C2 alone,
then we require a more general relationship between the
field excursion and cosmological observables. For any
canonical scalar field dark energy, we can express
r
ρDE
0
|φ | = (1 + wDE ) 2 ,
(11)
H
where wDE = pDE /ρDE is the equation of state parameter for the dark energy. Assuming that the rest of the
matter is in CDM and the known standard model particles, we can in principle infer wDE and ρDE from expansion history measurements that determine H(N ) and
then integrate φ0 to find the field excursion within the
well-measured e-folds.
Current observations are not yet sufficiently precise
to fully reconstruct H(N ) during the acceleration epoch
without prior assumptions on its functional form, or
equivalently the functional form of V (φ). We can however use reconstruction techniques with very weak priors, as in [44], to constrain the DE equation of state as
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a function of time. This can then be converted to scalar
field quantities and in particular the field excursion using
Eq. (11) (see e.g. [45]) once we impose that wDE ≥ −1.
We will also use this reconstruction to study the robustness of our conclusions on C1 from the two limiting cases
to a generic form of the potential.
In the reconstruction approach, field excursions can be
directly computed only between epochs where we have
precision distance measurements. In this context, we
consider only field excursion between redshifts z = 0 and
z = 1.5 since the latter roughly coincides with the maximum redshift of available supernovae measurements.

III.

METHOD AND DATA SETS

To test the swampland conjectures discussed in the
previous section we will use several cosmological data
sets.
As a baseline we use the measurements of the CMB
temperature and polarization power spectra at small angular scales from the Planck satellite [46, 47] with the
addition of the large scale T EB measurements. We add
the Planck 2015 full-sky lensing potential power spectrum
reconstruction [48] in the multipole range 40 ≤ ` ≤ 400.
We denote the data set combining these three probes as
CMB.
To highlight the power of distance-redshift measurements in testing these conjectures we consider the Pantheon Supernovae sample [49], that we denote as the SN
data set, and distance-ladder measurement of the Hubble
constant from [50], that we indicate as the H0 data set.
When combining all cosmological data sets together,
for completeness, we also employ the following data:
the CMB temperature spectrum measurements at small
angular scales from the South Pole Telescope [51] for
multipoles ` ≤ 2500; the measurements of the galaxy
weak lensing shear correlation function as provided
by the Canada-France-Hawaii Telescope Lensing Survey
(CFHTLenS) [52] with ultra-conservative cuts [53] that
make CFHTLenS data insensitive to the modeling of nonlinear scales; measurements of the Baryon Acoustic Oscillation (BAO) scale from BOSS DR12 [54], the SDSS
Main Galaxy Sample [55] and 6dFGS [56].
To produce cosmological predictions and compare
them to data, we use the EFTCAMB and EFTCosmoMC
codes [57–59], modifications to the Einstein-Boltzmann
code CAMB [60] and the Markov Chain Monte Carlo
(MCMC) code CosmoMC [61] respectively, implementing
the quintessence models involved in testing the swampland conjectures. The quintessence module will be made
publicly available in the next release of the EFTCAMB
code.
For the parameters of the quintessence models, we take
priors that are flat in the given parameter across a range
that is as uninformative as possible. In each case we include the standard 6 parameters of the ΛCDM model:
baryon density Ωb h2 , cold dark matter density Ωc h2 ,

scalar amplitude As and tilt ns , optical depth to reionization τ and the angular size of the sound horizon θs . We
also include all the recommended parameters and priors
describing systematic effects in the data sets. We fix the
sum of neutrino masses to the minimal value (e.g. [62]).
For the exponential potential, we supplement these parameters with an additional one, λ, which is allowed to
vary in the range [0, 10]. Note that the potential scale A
and the initial field position are degenerate and both are
absorbed into θs . For both the exponential and cosine
models, Hubble friction at early times is so large for the
allowed cosmological parameters that arbitrary initial kinetic energy is rapidly dissipated and the field effectively
reaches the frozen state after a small number of e-folds.
For this reason the initial kinetic energy of the field is
not a relevant parameter for either models.
For the cosine potential, we have two parameters: c
and the amplitude of the cosine. We vary c in the range
[0.001, 10]. The lower bound on c is taken to be much
less than values of interest for C1.2. Its presence improves convergence of the Monte Carlo sampling of the
posterior, but on its own does not affect our conclusions.
For c  1, the potential is so close to flat that the amplitude is unconstrained. The upper bound is chosen to be
uninformative when paired with the restrictions on the
amplitude which we now discuss.
We rescale the cosine amplitude in units of DE density
V0 = B/ρDE (0) so that V0 is allowed to vary in the range
[1.001, 10]. The upper bound is taken to be sufficiently
high that it is uninformative for c ≥ 0.001 once all data
are considered. Since energy is covariantly conserved,
values of V0 < 1 are not possible if the field begins at rest.
We impose a slightly higher limit to remove a special fine
tuned case that would avoid observational constraints, at
least at the background level. If the initial field value is
set at or very close to the peak, then it will remain there
and be indistinguishable from a cosmological constant.
This is an unstable equilibrium and at some point even
cosmological perturbations will destabilize it. To avoid
such an unphysical situation we take V0 ≥ 1.001, which
corresponds to forbidding an initial phase cφi < 0.0447.
For a random phase [0, π), which accounts for reflection
symmetry about the origin, this corresponds to about
1.4% of the parameter space but note that our prior is
flat in the range defined by V0 . We verify that variations
around these two cuts do not impact the final results
presented later so long as the priors are taken to be flat
in c, V0 .
For the choice of the weak prior for reconstruction we
follow the quintessence discussion in [63]. We highlight
here that, in the redshift range that we use to report
field excursion results z ∈ [0, 1.5], the equation of state
of DE is allowed by the prior to freely oscillate four times
around its mean while faster variations are disfavored by
the prior.
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Data set

λ
68% (95%) C.L.

|∆φ| [MP ]
68% (95%) C.L.

|∆φ|z=1.5 [MP ]
68% (95%) C.L.

P (λ > 1)

CMB
CMB + SN
CMB + H0
ALL

λ < 1.1 (1.9)
λ < 0.38 (0.64)
λ < 0.29 (0.56)
λ < 0.28 (0.51)

|∆φ| < 0.33 (0.52)
|∆φ| < 0.11 (0.19)
|∆φ| < 0.08 (0.16)
|∆φ| < 0.08 (0.15)

|∆φ|z=1.5
|∆φ|z=1.5
|∆φ|z=1.5
|∆φ|z=1.5

38 % (0.9 σ)
0.017 % (3.8 σ)
0.008 % (3.9 σ)
< 0.0006 % (4.5 σ)

< 0.29 (0.45)
< 0.10 (0.17)
< 0.07 (0.15)
< 0.07 (0.14)

TABLE I. The marginalized constraints on the parameters of the exponential potential relevant for the C1.1 and C2 swampland
conjectures, for different cosmological data set combinations.

IV.

RESULTS

P/Pmax

1.00

0.00
0.30

|∆φ| [MP ]

0.24
0.18
0.12
0.06
0.00
0.0

0.2

0.4

0.6

0.8 0.9

λ
CMB

CMB+SN

ALL

FIG. 1. The marginalized probability distribution of the parameter λ of the exponential potential relevant for the C1.1
dS conjecture and the joint marginalized distribution of λ and
total field excursion relevant for the C2 distance conjecture.
The dashed line is the relation between these two parameters
predicted by Eq. (9). The darker and lighter shades correspond respectively to the 68% C.L. and the 95% C.L. regions.

We first discuss the results for the exponential potential and their implications for C1.1. The cosmology of the
exponential potential is characterized by the field starting deep in radiation domination, frozen in a position in
field space by Hubble drag. As Hubble friction decreases
at late times the field “thaws” and starts to roll down the
potential, gaining kinetic energy and raising the dark energy equation of state wDE , in tension with data in the
acceleration regime. The ΛCDM model is recovered only
as λ → 0, which is inconsistent with C1.1.
As we can see from Table I, when testing the exponential model with CMB only observations, the constraints
on λ allow O(1) values, compatible with C1.1, as a result of the geometric degeneracy between ΩDE and λ at a

fixed distance to recombination required by the measurements. It is possible to offset distance changes due to a
large value of λ by lowering the value of ΩDE which then
lowers the Hubble constant. For this reason, when we
combine CMB measurements with direct measurements
of the Hubble constant, which prefer a value that is even
larger than the one required for ΛCDM, we strongly constrain the parameter λ as a result of the tension between
the two measurements.
This effect is also driving some of the constraints in
the literature, and should be born in mind when interpreting results, especially should the H0 tension be resolved by currently unknown systematics. Our analysis
differs from [36, 40, 41] because we consider all available
data sets and examine the robustness of results to various combinations. These include tests both at the level of
the cosmological background and at the level of perturbations; we do not include any additional approximations
in the cosmological treatment, nor in extracting model
constraints from proxy parameterizations for wDE (N ).
Note that the tension with H0 measurements is generic
to thawing models, or more generally those quintessence
models where the physics at recombination is unmodified from ΛCDM. The CMB then constrains the physical
matter density ρm and
R z distance to z∗ , the redshift of recombination, D∗ = 0 ∗ dz/H directly. Since wDE ≥ −1,
the dark energy can only redshift faster than a cosmological constant. Therefore, for a fixed distance, its contribution to the present energy density must be smaller,
and hence H02 ∝ ρm (0) + ρDE (0) must also be smaller.
Even though CMB+H0 data provide the largest component of the overall constraint, large values of λ are also
disfavored by CMB and supernovae measurements. Since
the SN likelihood is marginalized over an overall calibration, it does not constrain the Hubble constant but
rather the shape of the distance redshift relation D(z).
This makes the conclusion that λ ∼ O(1) is disfavored by
cosmological observations more robust, as it comes from
both the normalization and shape of D(z).
As we combine all data sets together the results only
tighten slightly compared with the CMB+H0 constraint.
The probability of exceeding the value of λ = 1 parallels
this trend, as can be seen from Table I, and becomes negligible as we combine CMB observations with low redshift
distance measurements, reaching a value equivalent to a
4.5σ exclusion with the ALL data set combination. We
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Data set

c
68% (95%) C.L.

λeff
68% (95%) C.L.

CMB
CMB + SN
CMB + H0
ALL

c < 2.3 (3.1)
c < 0.25 (1.4)
c < 0.17 (0.84)
c < 0.16 (0.73)

λeff
λeff
λeff
λeff

< 1.4 (2.2)
< 0.40 (0.71)
< 0.31 (0.58)
< 0.29 (0.53)

|∆φ| [MP ]
68% (95%) C.L.

|∆φ|z=1.5 [MP ]
68% (95%) C.L.

P (c > 1)

|∆φ| < 0.51 (0.66)
|∆φ| < 0.11 (0.19)
|∆φ| < 0.09 (0.16)
|∆φ| < 0.08 (0.15)

|∆φ|z=1.5
|∆φ|z=1.5
|∆φ|z=1.5
|∆φ|z=1.5

50 % (0.6 σ)
8.5 % (1.7 σ)
3.3 % (2.1 σ)
1.9 % (2.3 σ)

< 0.47 (0.63)
< 0.10 (0.16)
< 0.08 (0.15)
< 0.07 (0.14)

TABLE II. The marginalized constraints on the parameters of the cosine potential relevant for the C1.2 and C.2 swampland
conjectures, for different cosmological data set combinations.

qualitative behavior as λ in the exponential potential and
falls as we add the distance-redshift data. Notice that
the distribution of c is highly non-Gaussian because of
a degeneracy between V0 and c in determining the dark
energy equation of state or equivalently, as we shall see,
the local slope of the potential. This implies that the 95%
C.L. bound is significantly larger than twice the 68% C.L.
one.

P/Pmax

1.00

0.00
0.80
0.60

|∆φ| [MP ]

compute here the effective number of standard deviations
that we would
associate to an event of given probability
√
as nσ ≡ 2Erf −1 (1 − P ) to aid the interpretation of the
statistical significance of the reported results. Thus our
estimates in highly excluded regions is limited by the finite MCMC sample.
Since the exponential case corresponds to a thawing
model, the total field excursion converges over the whole
cosmological evolution and we report its upper bound in
Table I. From Figure 1, we see that it is tightly correlated with λ as predicted by Eq. (9). Note that if we use
the slope reported in [36], the small difference is highly
significant due to the tight correlation between the two
parameters imposed by the data. Interestingly, our linear
prediction is also robust to λ ∼ O(1), where we would
expect to have non-linear corrections to Eq. (8) because
they are partially compensated by the change in ΩDE (λ)
required to fix the distance to recombination. As we can
clearly notice in Figure 1, the correlation between these
two parameters is set by CMB observations which define
the geometric degeneracy direction. The allowed width
orthogonal to this direction reflects the small uncertainty
on the distance to recombination, while the extent of
the degeneracy is limited by the data in the acceleration
regime.
Given that C1.1 with λ & 1 is ruled out by observations, we now turn to whether the dS conjecture can
instead be satisfied through C1.2 using the cosine potential.
The cosine model also falls into the class of thawing
models. To provide the necessary ingredient to drive cosmic acceleration the field has to start its evolution deep
in radiation domination close to the positive maximum
of the potential, where it is frozen by Hubble friction. As
Hubble drag relaxes the field starts rolling down across a
region in potential that corresponds to a tachyonic mass.
A tachyonic |m| & H0 would generally cause this rolling
to violate observational constraints on acceleration.
Similarly to the exponential potential, we can see from
Table II, that CMB only observations would allow very
large values of c as a result of the geometric degeneracy. On the other hand combining CMB measurements
with distance-redshift data disfavors large values of c
since they generally imply a substantial deviation from
wDE = −1.
The probability that c exceeds one follows the same

0.40
0.20
0.00
0.0

0.2

0.4

0.6

0.8

1.0

1.2

c
CMB

CMB+SN

ALL

FIG. 2.
The marginalized probability distribution of the
parameter c of the cosine potential, relevant for the C1.2 dS
conjecture, and the joint marginalized distribution of c and
total field excursion relevant for the C2 distance conjecture.
The darker and lighter shades correspond respectively to the
68% C.L. and the 95% C.L. regions.

This can also be clearly appreciated in the upper
panel of Figure 2. In the lower panel we show the joint
marginalized posterior of the parameter c and total field
excursion which are almost uncorrelated once data in the
acceleration epoch is included.
In spite of this lack of correlation, the cosine model
still falls into the thawing class where Eq. (8) holds. The
lack of correlation reflects the ability for a single value
of c to take on different values for the local slope of the
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potential. We extract the slope of the potential at the
thawing epoch by averaging λ(N ) for the cosine potential and weighting it by ΩΛ (N ) from the best fit ΛCDM
model. We verify that other choices do not result in appreciable differences. We refer to the resulting quantity
as λeff that should serve as a proxy for the λ in Eq. (8).

given value of c we can use the constraints on λ from the
exponential potential. In the cosine model:
λeff = c tan(cφ) ≈ c tan(c(φi + ∆φ))
≈ c tan(c(φi + 0.29λeff )) ,

(12)

where φi is the initial field position and we have employed Eq. (9) to estimate the amount of roll from the
intial value. We can now take constraints for λ from the
exponential potential, leverage on the fact that for the
cosine potential constraints on λ and λeff are very close,
and invert Eq. (12) to obtain the amount of initial condition tuning needed for a given c:


λeff
cφi = −0.29 c λeff + arctan
.
(13)
c

P/Pmax

1.00

0.00
0.24

|∆φ| [MP ]

0.18

As an example, if we take the 95% C.L. bound from the
ALL dataset λeff ≈ λ < 0.51, we would require cφi /π <
0.1 for c > 1.
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exp

In Figure 3 we show the joint marginalized posterior
of λeff and total field excursion. These two parameters
are now strongly correlated and follow almost exactly the
relation in Eq. (9) written in terms of λeff . The limits
imposed by the data also agree well between the exponential and the cosine models as we can see by comparing
Table II and Table I. The difference near λeff = 0 reflects
the fact that initial conditions where the field starts at
the top of the cosine potential require fine tuning, and
are downweighted with our choice of priors.
Upper limits on λeff are robust because in thawing
models, observations mainly constrain one parameter: λ
at the thawing epoch, for which λeff is a proxy. This
also explains why the marginal distribution of c in Fig. 2
is so non-Gaussian and leads to weaker constraints on
the dS conjecture C1.2 for the cosine than constraints
on C1.1 for the exponential potential. The physical reason for this is as follows: sufficiently close to the peak of
the cosine potential, it becomes indistinguishable from a
cosmological constant at the background level, even for
large values of c.
To estimate the amount of tuning required to allow a

λeff

FIG. 3.
The marginalized probability distribution of λeff
for both the exponential and cosine potentials together with
its joint marginalized distribution with total field excursion
for the ALL dataset. The dashed line is the relation between
these two parameters predicted by Eq. (9). The darker and
lighter shades correspond respectively to the 68% C.L. and
the 95% C.L. regions.

c φi /π

cos

0.0

0.4

0.8

1.2

c
FIG. 4. The joint marginalized distribution of initial condition tuning and c for the cosine potential and the ALL dataset.
Models are cut based on their value of λeff at the 95% C.L.
bound from the exponential potential, resulting in models
shown with λeff < 0.51. The density of points is proportional to the joint PDF and the color represents the value of
λeff . The dashed line represents the amount of tuning needed
to stabilize a given value of c given by Eq. (13). The solid
line represents the tuning cut that we enforce.

This effect is clearly seen in Figure 4 where we show
the joint distribution of initial condition tuning and c as
a cloud of points, colored by their value of λeff and cut
at the 95% C.L. bound on λ of the ALL data set for the
exponential potential. We can see that Eq. (13) matches
the 95% C.L. bound very well. This further justifies the
use of the exponential model constraint on λ to estimate
the tuning of the cosine model in Eq. (13). For large
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values of c there is a small discrepancy that is due to
non-linearities in λeff in the evolution of field roll.
Extreme values of c are then downweighted by two
effects: our flat prior on V0 gradually disfavours tuned
solutions and a hard tuning cut at cφi /π = 0.014 avoids
extreme values that would slow the convergence of the
parameter estimation chains.
Although our results are robust to the prior ranges
for the ALL data set, they do depend on the shape of
the prior. Were there to be a physical reason to favor the
tuned cases where the field remains stuck at the top of the
potential, then larger values of c would be allowed by the
data, as quantified in Figure 4. Conversely, were there
some reason that the prior should be flat in log c, then
the posterior bounds on c would tighten. For any given
choice of prior, our technique of adopting the exponential
potential constraint on λeff provides a simple means of
estimating implications for c.
We conclude that C1.2 with c > 1 is also disfavored by
the data, except for fine tuned and unstable initial conditions. Hence the data is in tension with both versions
of the C1 dS conjecture.
Next we investigate the robustness of these results to
allowed changes in the potential obtained by reconstructing wDE (N ) from the data. We first remark that even
allowing an arbitrary potential, there is no significantly
better fit to the data than the ΛCDM model.
In the reconstruction, where both λ and c become time
dependent, we extract their minimum value to assess C1
and compare their constraint to the limiting cases. For
both λ and c, we find that the constraints from reconstruction are tighter for both parameters, making the
two limiting potentials the most conservative assessment
of the dS conjecture. In both cases the reason is as follows: at a given λmin , the field will generally cross into
regions of larger λ that would result in larger deviations
from ΛCDM. As derived from the general reconstruction
these extra deviations are not favored by the data making the model with a given λmin more, or at least equally,
disfavored with respect to the exponential with λ = λmin .
A similar argument can be made for c and the cosine potential.
Finally we consider field excursion from reconstruction.
Unlike for the thawing class of models, reconstruction allows potentials where the field rolls significantly at high
redshift. This is not as well constrained by the data and
so we focus on the amount of roll between z = 1.5 and
the present. The corresponding constraints for the exponential and cosine potentials are reported in Table I and
Table II respectively, and follow accurately the behavior
given by Eq. (8). In these thawing models, the data sets a
robust upper bound on the amount of roll between these
two epochs, ∆φz=1.5 < 0.07 (0.14) at 68% (95%) C.L.
that is only slightly smaller than the total excursion.
For the more general case of reconstruction, we have a
weaker upper limit: ∆φz=1.5 < 0.18 (0.22) at 68% (95%)
C.L. In the reconstruction no potential is assumed a priori but a smoothness criterion for the equation of state

has to be assumed, as in [44] and [63]. To understand
whether the prior is limiting this determination we run a
prior only chain that results in much larger allowed field
excursions of ∆φz=1.5 < 1.22 (1.6) at 68% (95%) C.L. We
also verify that the data likelihood decreases as expected
between ∆φz=1.5 = 0.18 and ∆φz=1.5 = 0.22 showing
that the constraint reflects the preference of the data
not the prior. As a further check, note that for a constant wDE a bound on ∆φz=1.5 < 0.22 corresponds to
wDE < −0.95 which is roughly the level at which such
deviations are allowed with current data.

V.

CONCLUSIONS

In this paper we have studied the cosmological implications of the refined de Sitter (C1) and distance (C2)
swampland conjectures that have been proposed in literature.
We have determined which piece of experimental evidence contributes most to data constraints on these conjectures. We found that the strongest constraints are
driven by the synergy between CMB observations fixing
the distance to recombination, and both the normalization and shape of the distance redshift relation. The normalization, or Hubble constant, is especially powerful in
establishing constraints since these quintessence models
exacerbate the already existing tension in ΛCDM.
Overall we found that, combining most of the available
cosmological data sets, λ < 0.51 and c < 0.73 at the 95%
confidence level. Both results are obtained by directly
computing cosmological predictions for the quintessence
models involved, without approximations, and properly
comparing them to the data. In this respect the result on
λ settles the discussion in the literature on the assessment
of C1.1, and extends these results to the complete current
refined de Sitter conjecture C1. Only specially fine-tuned
initial conditions, where the field starts at the unstable
maximum of the potential, can evade the bound on c.
As a benchmark for the tension between these conjectures and cosmological observations, we computed the
probability that λ and c can exceed one and find that
for the most complete data compilation: P (λ > 1) <
0.0006%, or equivalently disfavored at a statistical significance higher than 4.5σ and limited by our sampling
of the tails of the distribution; P (c > 1) = 1.9%, or
equivalently disfavored at the 2.3σ level. Even without
the Hubble constant measurements, these results remain
significant.
We have also derived a general and accurate relationship between λ and field excursion that applies to the
whole class of thawing quintessence models. For these
models, the observations place an upper bound at 95%
C.L. of |∆φ| < 0.15MP .
To comment on the robustness of these results to
changes in the form of the potential, we have considered
non-parametric reconstructions of the equation of state
of DE and its projection on quintessence models. We
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have verified that in this general setup, the exponential
and cosine potentials are the limiting cases for the two
parts of the C1 conjecture.
We discussed the relationship between field excursion
and directly observable quantities, and used the reconstruction results to compute field excursion in the observable data range. At 95% C.L., this results in |∆φ|z=1.5 <
0.22MP .
The field excursion results that we have found exhibit
no tension with the distance conjecture, which is the
swampland conjecture on the firmest theoretical footing.
The constraints on c and λ, however, are more troubling.
They present a serious tension between the refined dS
conjecture and present, state of the art, cosmological ob-

servations.
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2018, 1800100 (2018), arXiv:1809.06861 [hep-th].
[20] F. F. Gautason, V. Van Hemelryck, and T. Van Riet,
(2018), arXiv:1810.08518 [hep-th].
[21] J. Moritz, A. Retolaza, and A. Westphal, (2018),
arXiv:1809.06618 [hep-th].

[22] J. McOrist and S. Sethi, JHEP 12, 122 (2012),
arXiv:1208.0261 [hep-th].
[23] B. S. Acharya, K. Bobkov, G. L. Kane, P. Kumar, and
J. Shao, Phys. Rev. D76, 126010 (2007), arXiv:hepth/0701034 [hep-th].
[24] K. Bobkov, (2009), arXiv:0906.5359 [hep-th].
[25] O. DeWolfe, A. Giryavets, S. Kachru, and W. Taylor,
JHEP 07, 066 (2005), arXiv:hep-th/0505160 [hep-th].
[26] D. Escobar, F. Marchesano, and W. Staessens, (2018),
arXiv:1812.08735 [hep-th].
[27] D. Junghans, (2018), arXiv:1811.06990 [hep-th].
[28] A. Banlaki, A. Chowdhury, C. Roupec, and T. Wrase,
(2018), arXiv:1811.07880 [hep-th].
[29] D. Andriot, (2018), arXiv:1807.09698 [hep-th].
[30] J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet,
T. Wrase, and M. Zagermann, JHEP 12, 043 (2010),
arXiv:1009.1877 [hep-th].
[31] F. Saracco and A. Tomasiello, JHEP 07, 077 (2012),
arXiv:1201.5378 [hep-th].
[32] F. F. Gautason, M. Schillo, T. Van Riet,
and
M. Williams, JHEP 03, 061 (2016), arXiv:1512.00457
[hep-th].
[33] C. Cordova, G. B. De Luca, and A. Tomasiello, (2018),
arXiv:1812.04147 [hep-th].
[34] G. Obied, H. Ooguri, L. Spodyneiko, and C. Vafa,
(2018), arXiv:1806.08362 [hep-th].
[35] S. K. Garg and C. Krishnan, (2018), arXiv:1807.05193
[hep-th].
[36] P. Agrawal, G. Obied, P. J. Steinhardt, and C. Vafa,
Phys. Lett. B784, 271 (2018), arXiv:1806.09718 [hep-th].
[37] C.-I.
Chiang
and
H.
Murayama,
(2018),
arXiv:1808.02279 [hep-th].
[38] M. Cicoli, S. De Alwis, A. Maharana, F. Muia, and
F. Quevedo, Fortsch. Phys. 2018, 1800079 (2018),
arXiv:1808.08967 [hep-th].
[39] M. P. Hertzberg, M. Sandora, and M. Trodden, (2018),
arXiv:1812.03184 [hep-th].
[40] L. Heisenberg, M. Bartelmann, R. Brandenberger, and
A. Refregier, (2018), arXiv:1808.02877 [astro-ph.CO].
[41] Y. Akrami, R. Kallosh, A. Linde, and V. Vardanyan,
Fortsch. Phys. 2018, 1800075 (2018), arXiv:1808.09440
[hep-th].
[42] T. C. Bachlechner, K. Eckerle, O. Janssen, and M. Kleban, (2018), arXiv:1810.02822 [hep-th].

ACKNOWLEDGMENTS

We thank Samuel Passaglia and Kimmy Wu for useful
comments. MR and WH are supported by U.S. Dept. of
Energy contract DE-FG02-13ER41958. WH was further
supported by NASA ATP NNX15AK22G and the Simons
Foundation. SS is supported, in part, by NSF Grant
No. PHY-1316960. Computing resources were provided
by the University of Chicago Research Computing Center
through the Kavli Institute for Cosmological Physics at
the University of Chicago.

10
[43] T. C. Bachlechner, K. Eckerle, O. Janssen, and M. Kleban, JHEP 11, 036 (2017), arXiv:1709.01080 [hep-th].
[44] G.-B. Zhao et al., Nat. Astron. 1, 627 (2017),
arXiv:1701.08165 [astro-ph.CO].
[45] D. Huterer and M. S. Turner, Phys. Rev. D60, 081301
(1999), arXiv:astro-ph/9808133 [astro-ph].
[46] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A13 (2016), arXiv:1502.01589 [astro-ph.CO].
[47] N. Aghanim et al. (Planck), Astron. Astrophys. 594, A11
(2016), arXiv:1507.02704 [astro-ph.CO].
[48] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A15 (2016), arXiv:1502.01591 [astro-ph.CO].
[49] D. M. Scolnic et al., Astrophys. J. 859, 101 (2018),
arXiv:1710.00845 [astro-ph.CO].
[50] A. G. Riess et al., Astrophys. J. 861, 126 (2018),
arXiv:1804.10655 [astro-ph.CO].
[51] Z. Hou et al. (SPT), Astrophys. J. 782, 74 (2014),
arXiv:1212.6267 [astro-ph.CO].
[52] C. Heymans et al., Mon. Not. Roy. Astron. Soc. 432,
2433 (2013), arXiv:1303.1808 [astro-ph.CO].
[53] S. Joudaki et al., Mon. Not. Roy. Astron. Soc. 465, 2033
(2017), arXiv:1601.05786 [astro-ph.CO].
[54] S. Alam et al. (BOSS), Mon. Not. Roy. Astron. Soc. 470,
2617 (2017), arXiv:1607.03155 [astro-ph.CO].
[55] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival,
A. Burden, and M. Manera, Mon. Not. Roy. Astron.

Soc. 449, 835 (2015), arXiv:1409.3242 [astro-ph.CO].
[56] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. StaveleySmith, L. Campbell, Q. Parker, W. Saunders, and
F. Watson, Mon. Not. Roy. Astron. Soc. 416, 3017
(2011), arXiv:1106.3366 [astro-ph.CO].
[57] B. Hu, M. Raveri, N. Frusciante, and A. Silvestri,
Phys. Rev. D89, 103530 (2014), arXiv:1312.5742 [astroph.CO].
[58] M. Raveri, B. Hu, N. Frusciante, and A. Silvestri,
Phys. Rev. D90, 043513 (2014), arXiv:1405.1022 [astroph.CO].
[59] B. Hu, M. Raveri, N. Frusciante, and A. Silvestri,
(2014), arXiv:1405.3590 [astro-ph.IM].
[60] A. Lewis, A. Challinor, and A. Lasenby, Astrophys. J.
538, 473 (2000), arXiv:astro-ph/9911177 [astro-ph].
[61] A. Lewis and S. Bridle, Phys. Rev. D66, 103511 (2002),
arXiv:astro-ph/0205436 [astro-ph].
[62] A. J. Long, M. Raveri, W. Hu, and S. Dodelson,
Phys. Rev. D97, 043510 (2018), arXiv:1711.08434 [astroph.CO].
[63] M. Raveri, P. Bull, A. Silvestri, and L. Pogosian,
Phys. Rev. D96, 083509 (2017), arXiv:1703.05297 [astroph.CO].

