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String theory naturally leads to the expectation that dark energy is not stable, and may be evolving as
captured by the Swampland de Sitter conjectures. Moreover, motivated by the distance conjecture,
a unification of dark sector has been proposed, where the smallness of dark energy leads to one extra
dimension of micron size with dark matter being the Kaluza-Klein graviton excitations in this extra
dimension. We consider the natural possibility that the radius of the dark dimension varies as the energy
decreases, leading to the variation of the dark matter mass. This correlates the variation of the dark energy
with the variation of the dark matter mass as they depend on the variations of a scalar field ¢ controlling the
radius of the extra dimension. A simple realization of this idea for small range of ¢ is adequately captured
by choosing a potential which is locally of the form V = V,exp(—c¢) and dark matter mass mpy =
mqexp(—c'¢p) as was proposed in [1]. We find excellent agreement with recent experimental data from
DESI DR2 combined with SN measurements (from DES, Union3 or Pantheon+) and reproduces the same
significance as Chevallier—Polarski-Linder parametrization with the added benefit of providing a natural
explanation for the apparent phantom behavior (w < —1) reported by DESI and DES based on a physical
model. DESI and SN datasets independently favor nonzero values of ¢’ and ¢, respectively, both lying
within the expected O(1) range suggested by the Swampland criteria. Moreover, our best fit value ¢’ ~
0.05 + 0.01 is remarkably consistent with the experimental upper bound of ¢’ < 0.2 demanded by the lack
of detection of fifth force in the dark sector.
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I. INTRODUCTION potential and the spectrum of light states—both crucial to the
cosmological history of the universe—are tightly con-
strained by the requirement of UV completeness in quantum
gravity.

The aim of this paper is to revisit the impact of these
constraints on the recent cosmological epoch. We under-
take this in order to assess the status of recent observations
and their compatibility with these constraints. We are
particularly interested in the emerging evidence for varying
dark energy density. There were hints of this behavior in the
DES Y5 data release [5] and this has since increased in
significance in light of the new DESI data [6,7]. In this
context, we find a strikingly good match with the
Swampland constraints. There are two facets to these
restrictions: On the one hand, based on the distance
conjecture [8] and the related conjectures of the AdS
distance conjecture [9] and the emergent string conjecture
(ESC) [10], extreme values of physical parameters lead to
the expectation that we have either large extra dimensions
with a light Kaluza-Klein (KK) tower or a fundamental
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In nongravitational theories, a common paradigm that
guides model building is the concept of distance scale
separation, which is the idea that microscopic physics has
limited influence on macroscopic phenomena. This leads to
the idea that for an effective field theory (EFT) in the infrared
(IR) one can ignore the ultraviolet (UV) description as all the
allowed terms in the action are subject to symmetries of the
theory where the strengths of the higher derivative terms are
set by the UV cutoff. This principle underlies many
cosmological models that aim to describe the Universe on
the largest scales. However, in gravitational theories, it has
been understood that UV and IR physics are deeply
interconnected. The Swampland program (see [2—4] for
reviews), rooted in lessons learned from string theory, seeks
to make the IR implications of a consistent gravitational UV
completion more precise. In particular, the form of the scalar
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constituting the dark matter (the dark dimension scenario
[11,12]). On the other hand, positive values of potential V
are expected to be unstable in a particular way (the de Sitter
Conjecture [13] and the trans-Planckian censorship con-
jecture (TCC) [14]). See [15,16] for a basic review of the
applications of these principles to phenomenology.

In [17], it was shown that the dS conjecture is compatible
with cosmological observations. Moreover, motivated by
these conjectures, Swampland compatible models of evolv-
ing dark energy have been considered in many works. In
particular, in [1] it was pointed out that the natural
unification of the dark energy and dark sector as implied
by the Swampland criteria would lead to the fading of the
dark matter (decreasing of p,a’) as the universe evolves
and the dark energy depletes. The main aim of this paper is
to reevaluate this proposal in light of the dark dimension
scenario and the recent DES and DESI DR2 results. In
particular, we view the evolving length of the dark
dimension as the mechanism that lowers the effective
energy (including the matter contribution). Indeed, we find
that this scenario is in excellent agreement with data, with
preference for expansion of dark dimension in matter
dominated era and shrinking of dark dimension in recent
epoch which reproduces the same significance as the
Chevallier—Polarski-Linder (CPL) parametrization with
the benefit of providing a natural explanation for the
apparent phantom behavior (w < —1) reported by DESI
and DES.

The organization of this paper is as follows. In Sec. II, we
review the relevant Swampland conjectures. In Sec. III, we
discuss how these lead to the dark dimension scenario and
motivate an evolving dark sector as the radius of the dark
dimension evolves. Finally, in Sec. IV, we assess the
compatibility of these predictions with the DESI DR2
results in combination with various other datasets.

II. DARK SECTOR AND THE SWAMPLAND
CONJECTURES

A. Scalar potential

In gravitational theories, the scalar potential backreacts
on the spacetime metric unlike nongravitational theories
where it can be shifted by a constant without physical
consequence. Therefore, it is not surprising to expect the
behavior of the scalar potential to be constrained in
gravitational theories.

In all known weak-coupling limits of the string landscape
where the scalar potential can be perturbatively calculated, it
always falls off exponentially fast in terms of the canonical
distance in the scalar field space. Moreover, the falloff rate
appears to be bounded from below. These observations were
formalized in the de Sitter conjecture (dSC), which postu-
lates that in any consistent theory of quantum gravity, the
scalar potential at any point in field space satisfies one of the
following two inequalities for fixed positive numbers ¢; and
¢, of O(1) in Planck units [13,18,19] (throughout this paper

if not explicitly stated we work in Planck units, where
reduced M, = 1)

VV|> ¢,V or {V,V,V} <—c,V. (1)
The norm of the variation VV of the scalar potential is
defined with respect to the canonical metric on scalar field
space determined by the kinetic term. Moreover, {V,;V;V}
denotes the smallest eigenvalue of the Hessian matrix of V
with respect to the same metric.

The first condition in (1) implies that positive scalar
potentials must be sufficiently steep, while the second
allows for exceptions only when the potential is sufficiently
concave, such as at a local maximum. In particular, this
conjecture rules out the existence of metastable de Sitter
vacua realized as local minima of the scalar potential.
Despite extensive efforts to construct metastable de Sitter
vacua in the string landscape, no fully controlled example
has yet been achieved. However, a recent construction
based on symmetries in string theory has realized an
unstable de Sitter space consistent with the dSC [20].

A related but distinct conjecture that makes the dSC
quantitatively predictive is the TCC [14], which recasts
dSC in terms of a physical principle. TCC postulates that
any period of accelerated expansion must be limited so that
Planckian fluctuations do not exit the Hubble horizon.
More precisely, an Friedmann—Robertson—Walker (FRW)
expanding universe with initial scale factor a; that evolves
to a final scale factor a; and Hubble parameter H; must
satisfy

le _ _
a—iMpll <H;'. (2)

This condition is a clear example of the deep con-
nection between UV and IR physics in gravitational
theories. Applying the TCC to exponential potentials
in d-dimensional spacetimes implies that their fall-off rate
in the infinite distance limits of field space must satisfy
(in Planck units)

V() ~exp(—A¢p) = 4 > =V2 ford=4. (3)

2
Vd-2
TCC also implies a weaker bound in the interior of field

space. Assuming the potential decreases monotonically
away from a local maximum at ¢p = 0, TCC suggests that

2|¢|
V(¢) <exp (— = 1)(d_2)>

2
= Ainterior = \/; ~0.82 for d=4. (4)

The above bound is expected to hold in an intermediate
regime in the interior of the scalar field space that
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interpolates between the local maximum and the infinite-
distance limits and implies that the mean value of
[VV|/V in the interior satisfies this bound.
Remarkably, the same inequality was also independently
derived in [21] using the emergent string conjecture.

The bound (3) is consistent with string theory examples
(see [22]) and also invariant under dimensional reduction
[23], and has been independently motivated by holographic
arguments in infinite distance limits of field space [24].
In certain cases, the TCC follows from other Swampland
conjectures [21,25], and can even be argued to hold in the
interior of moduli space for specific classes of poten-
tials [21,25,26].

As pointed out in [14], a constant dark energy is
compatible with the TCC as long as it decays not too
long after Hubble time. This conjecture essentially implies
that the duration of any quasi-de Sitter expansion must be
finite, whether it is driven by a rolling scalar field or
realized as a metastable dS vacuum (leading to lifetime
7 < (1/H)log(1/H)). Interestingly this upper bound on
lifetime is also the same conclusion one draws from dSC
for a hilltop potential, where the maximum lifetime is no
larger than 7 <log(1/H)/H where H> ~ V.. However,
the dSC and TCC imply that a more natural alternative
capable of sustaining classical expansion for a number of
e-folds is one driven by a scalar field potential whose
steepness is proportional to the potential itself

IVV| ~ V. (5)

In particular, this implies that a small value of the scalar
potential is naturally accompanied by a small value of its
derivative, thereby linking the fine-tuning problems asso-
ciated with the smallness of the slope with the smallness of
its value. It is natural to expect that V which asymptotically
approaches an exponential potential with a relative slope
|VV|/V larger than /2, has a smaller relative slope as we
move away from the asymptotic limit (otherwise the
potential will become larger than the Planck scale). In
particular, in the interior of the field space, we therefore
expect the slope to decrease, leading to a potential of the
form V ~ exp(—cA¢) where ¢ may be smaller than /2.
Such a scalar potential of sech type with asymptotic slope
\/§ was shown to be consistent with recent DESI DR2
results [27] (see also [28-30] for additional work studying
the recent data from the perspective of Swampland
principles).

B. Tower of light states

Another ubiquitous feature in the quantum gravity
landscape is the presence of dualities, which relate different
weakly coupled descriptions that share the same scalar
field space. Moreover, the weakly coupled descriptions
emerging in the infinite-distance limits of the scalar field

space always involve a tower of light states whose masses
have a specific dependence on the scalar fields. This
observation was formalized in the statement of the dis-
tance/duality conjecture (DC) [8], which postulates that
when one takes the value of a scalar field to an infinite-
distance limit, there is always a tower of light states whose
mass exponentially decays in terms of the canonical
distance defined by the metric on the moduli space.

Furthermore, based on a wide range of constructions and
observations in string theory, this conjecture was refined into
the ESC, which postulates that the tower of light states are
always either a tower of KK states descending from a higher-
dimensional theory or are excitations of a fundamental string
which includes the graviton as a string state [10].

As shown in [2], this conjecture has quantitative impli-
cations, such as the sharpened distance conjecture [31]. In
particular, in infinite distance directions we have a tower
with a mass scale m ~ exp(—4'¢p) such that

d=1_, 1 _ f 1
d-2" "~ \d-2 2- 2

In particular, by combining (3) and (6), we learn asymp-
totically in field space in 4D

4
A>/=A
S

However, one can in fact argue for a stronger bound
asymptotically [32]

Y \Y
‘—V 22’—’". (7)
% m

This follows from the requirement that V must remain
smaller than m?, and therefore fall off sufficiently fast. In
quasi-de Sitter spaces, the inequality V = 3A? < 3 m? fol-
lows from the Higuchi bound [33] which bounds the mass of
massive spin-2 particles based on unitarity and can be
applied to the particles in the tower which would lead to
the expectation of the above bound (not exactly because the
bound refers to slopes). However, as we move away from
quasi-de Sitter expansion, the Higuchi bound no longer
applies. Nevertheless, the inequality (7) can still be
argued for. We divide the argument into two cases. First,
if |[VV/V|>2vVd-1/vd-2, it follows directly from
(6) that (7) 1is satisfied. Second, if |VV/V]|<
2v/d - 1/+/d — 2, the scalar potential falls off sufficiently
slowly to drive the late-time cosmological evolution in a
spatially flat FRW solution (see Appendix A of [24]),
implying V « H?. For open universes, V « H? at late times
irrespective of the slope of V [25,34]. Since the smallest
d-dimensional black hole has a radius of order m~' [35],
requiring that a black hole can fit within the observable
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universe imposes H < m. This, in turn, leads to V < m? at
any point in the moduli space, as also argued in [25],
thereby leading to (7).

The distance conjecture has also been applied to the
case when the cosmological constant is small [9]. In this
case, unlike the discussion for the scalar field ¢ above,
the distance refers to movement in flux space and other
parameters of the landscape which leads to a small
cosmological constant. In particular, it has been argued
that in this limit, there is a tower of light states whose mass
scale, rather than its slope in field space, correlates with the
value for V = A:

m~ V(l,

where a ~ O(1). Moreover, it was argued in [11] that
6—11 <a< % (see also the recent work [36]), or equivalently

V~mb, 2<p<4 ford=4. (8)
To avoid confusion, it is important to note that we have two
distinct types of relations between V and m referring to
asymptotics in flux vacua vs in scalar field space. The first
case relates the value of V and m. The second relates the
slope of V in field space, to that of m. For example, in the
context of AdS/CFT, if you consider the N’ =4 SU(N)
SYM in d = 4, we can consider the limit N> 1 but fixed
coupling 7~75. In such a case, we end up with
|A| ~N=%3, with mass tower m ~ |A|'/2, but we may
not be in the asymptotic limit of z (e.g., we could be at
7 =1). As we will discuss in the next section, for our
universe, we expect to be in the asymptotic limit of flux
vacua space, but as the cosmological data shows we are not
at the asymptotic limit of scalar field space.

III. DARK DIMENSION SCENARIO

As discussed in the previous section, if A < 1 we expect a
tower of light string states or KK gravitons. It was argued in
[11] that given the observations and the relation between the
tower mass scale m and A, the only option in our universe is
to have one mesoscopic extra dimension' with length scale
in the micron range 0.1 pm < L < 10 pm. Moreover, the

"It was recently suggested in [37] that there is a highly fine-
tuned scenario with a small window in the parameter space for
having two extra dark dimensions with L < 1 pm with 6d Planck
scale M, ~ 10 TeV. However, for such a low Planck scale, one
would expect to have already seen evidence of new gravitational
physics at the LHC. One motivation for considering 2 extra
dimensions is the assumption that it may help with electroweak
hierarchy problem through EFT arguments [38]. However, not
only is the 10 TeV scale somewhat higher than the weak scale to
explain this, but also the same EFT arguments, unlike the
Swampland reasoning, would lead to the incorrect prediction
that A'/* is in the electroweak scale. Electroweak hierarchy has
rather different potential explanations in the Swampland moti-
vated dark dimension scenario [11,12].

standard model fields are localized in the extra dimension on
a3 + 1 dimensional subspace. The relation between the KK
graviton mass scale m and cosmological constant saturates
the inequality (8) with f ~4:

A~ Am*,

with m ~ 1/L and for some order 1 parameter A, which
leads to a micron scale extra dimension. Moreover, it was
suggested that the associated light tower, the KK graviton in
the 5th dimension, serves as a natural [12] and viable
candidate [39,40] for dark matter (see [15] for a review).
This is a dynamical model for dark matter [41]. In the
scenario of [12] there is intratower KK graviton decays
which on its own does not appreciably change the total mass
of the dark matter due to an approximate conservation of KK
number which follows from the smoothness of the dark
dimension. Note, however, the total mass of the dark matter
sector can change if the length of the dark dimension
changes, as the tower states have masses roughly of the
order of n/L for integer spaced quanta n. Indeed, we will
consider this possibility in this paper (for another approach
to dark matter in dark dimensions see [42-45]).

Whether the dark dimension length L is possible to fix or
not depends on whether we assume the dS conjecture,
or TCC. Assuming dSC, there cannot exist a metastable
length scale since V > 0. Assuming TCC instead, if the
modulus controlling the size of the extra dimension is not
rolling, there could be a rather short-lived metastable state
(with lifetime 7 < (1/H)log(1/H)). In this paper, we
would be most interested in the case where the extra
dimension is not stabilized and evolves. In particular, we
have a potential V(L) and a tower of states with masses
m ~ 1/L both of which evolve. It is natural to assume that
L evolves by growing or shrinking leading to decrease or
increase in dark matter mass m. More generally, we can
write both V and m as a function of a scalar field ¢ that can
change L and possibly other internal moduli of the micro-
scopic dimensions. In particular, we would be considering
both the possibility that the Newton constant is fixed or not
in units of mass scales defined using Standard Model (SM)
parameters (e.g., Higgs mass). The former possibility is
achieved by taking the total volume of the internal
dimension to be constant,” i.e., the change in the dark
dimension length is compensated by a change in the
volume of the other microscopic dimensions. The other
case of varying Newton’s constant is achieved by a partial
variation in the total volume of the extra dimensions. This is
also a theoretically valid possibility. There are interesting
observational bounds on the variations of Newton’s con-
stant [46] and it provides another opportunity to make

’Note that in this case the directions of Vm and VV will not
align, which would be compatible with observing a smaller slope
for m along the direction of VV.
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FIG. 1. The above figure illustrates the possibility that a large
extra dimension is expanding while the overall volume of the
internal manifold may or may not remain fixed. Volume can
remain fixed through a simultaneous contraction of other internal
dimensions, thereby preventing any variation in Newton’s con-
stant. As the fifth dimension expands, the KK gravitons associated
with this dimension redshift, leading to a decreasing effective
mass from the four-dimensional perspective. The Standard Model
is localized on a brane (depicted as the red dot) that does not wrap
any of the evolving dimensions and its moduli can remain
naturally frozen.

contact with experiment if we assume the total internal
volume changes.

Note that the parameters of the SM would not need to
change as they are localized in the dark dimension and the
change of the overall length of the dark dimension does not
directly impact the local geometry of the standard model
brane (Fig. 1). Indeed, we will assume that the microscopic
moduli of the SM brane are frozen, consistent with strong
restrictions on the time variations of the parameters of the
SM. In the next section, we will consider the cosmological
model based on this scenario.

IV. APPLICATION TO COSMOLOGY

From the dark dimension scenario, we are left with two
possibilities regarding the dark energy: if we assume dS
conjecture, the dark energy must be decreasing due to a
scalar field rolling down the scalar potential; or if instead
we assume the TCC, we can allow either this rolling
behavior or a cosmological constant arising from a short-
lived metastable de Sitter phase. Given the recent obser-
vations of DESI, the data clearly favors the rolling option.

We know experimentally that we are not quite in the
asymptotic limit of ¢, because in particular we would have
deduced |V'/V| > /2, which would not be consistent with
cosmological observations. The question is how to para-
metrize V and m as a function of the rolling field ¢. For the
purposes of modeling this, it turns out since the movement
in field space in our universe is small, only the first order
variation of the scalar field space really matters. Given that
the logarithms of V, m are the natural parameters, as seen
from Swampland arguments, we locally parametrize V
and m by

V = Vyexp(—cdp), m = mgyexp(—c'6¢).

We define ¢ such that the mass decreases in the positive ¢
direction which means ¢'(¢) = —d,log(m) is positive
while the sign of c¢(¢) = —dylog(V) is undetermined.
The coefficients ¢ and ¢’ should be viewed as field
gradients of log(V) and log(m) which may vary with ¢.
If the variation of ¢ is not large, first-order variation will
suffice and we will treat ¢, ¢’ as constants in this paper,
though in principle one can consider power series in 6¢.
Note that m should be interpreted as the mass scale that sets
the spacing between the states in the tower, rather than as
the mass of the individual dark matter particles (see Fig. 2).
For simplicity of notation, from here on we replace
O0¢p — ¢, but it should be understood that we simply
perform a power series expansion for ¢ and ¢’ and keep
the first term.

It is natural to expect that both ¢, ¢/ ~ O(1), though they
do not need to satisfy the asymptotic bounds which would
demand

Moreover we expect that the slope for the potential as well
as the mass decreases away from the asymptotic limit,
especially if we assume V is decreasing in all asymptotic
regions in field space. So in the interior we could easily
have (|c|, ¢)iperior < (1.4,0.7). Similarly, we do not need
to satisfy the asymptotic bound for the ratio

('Ci,'> - > 2. (9)

But these benchmark values would be interesting to keep in
mind as the deviations from them will in a sense mark how
far away we are from the asymptotic regime of ¢. As we
shall see shortly, the experimental observations yield values
for ¢, ¢’ which are close to O(1) numbers, which is
reassuring.

The directions of Vm and VV do not need to align. In the
dark dimension scenario, m is only a function of the size of
the fifth dimension. Assuming that there is only one light
scalar field ¢ which is parallel to VV, depending on the
change in the size of the fifth dimension in that direction,
¢’ can be much smaller than 1 in Planck units.” For
example, if changing ¢ leaves the diameter of the fifth
dimension intact, ¢/ would vanish. However, a more natural
possibility is that ¢’ is O(1) in Planck units indicating that
dark dimension diameter varies as ¢ flows. We choose the
direction of ¢ such that m decreases as ¢ increases. Note
that if the inner product Vm - VV is negative, the single-
field trajectory parametrized by ¢ yields a negative value

> ~ (1.4,0.7).

3As seen in Fig. S13, data does not prefer a cosmology driven
by a more complicated 2D trajectory in the scalar field space.
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FIG. 2. The scalar potential asymptotes to zero at weak-
coupling limits, which can arise in opposite scalar field direc-
tions. In the dark energy dominated era, a scalar field value to the
right (left) of the peak leads to a motion in the positive (negative)
¢-direction corresponding to an expanding (contracting) extra
dimension. The local gradients VV and Vm need not align,
leading to ¢ and ¢’ with possibly opposite signs.

for c. This situation can naturally arise in the interior of
field space, as illustrated in Fig. 2, where the scalar
potential possesses a local maximum. If the scalar field
lies to the left of this maximum, then Vim and VV point in
opposite directions.

A model in which both dark matter (DM) and dark
energy (DE) always fade simultaneously due to the
dynamics of a single scalar field, with ¢ and ¢’ sharing
the same sign, was studied in [1]. The setup we consider
here is the same with the minor generalization of allowing
for both same-sign and opposite-sign values of ¢ and ¢ *In
the case they have opposite signs matter (energy) still fade
in the corresponding matter (energy) dominated eras, but
increase in the energy (matter) dominated eras. A positive
(negative) value of ¢ corresponds to a scenario where the
fading of dark energy accompanies a decreasing (increas-
ing) tower scale, which in the dark dimension scenario
reflects an expanding (contracting) fifth dimension.

Let us comment on how nonzero values of ¢ and ¢’ affect
different epochs of cosmology. During the radiation-
dominated era, the scalar field remains effectively frozen
due to Hubble friction being set by the radiation energy
density. As a result, the dynamics are largely unaffected in
this epoch. However, during the matter-dominated era, the
situation changes: as the scalar field rolls, the dark matter
density decreases due to the exponential dependence of the
mass m(¢) on ¢. Consequently, this epoch and any
observations probing it (e.g., DESI) will be most sensitive’
to the parameter ¢’. On the other hand, the dark energy-
dominated era is more sensitive to modifications of the
scalar potential itself and therefore provides a probe of c.

4Additionally, we do not assume the presence of a flat region
in m(¢), which was assumed in [1] for technical reasons.

Sof course, DESI DR2 has data that overlaps in redshift with
SN datasets during the dark energy-dominated era and hence has
some sensitivity to dark energy-evolution also. However, the
majority of data for DESI DR2 is in the dark matter-dominated
era [6] Table II.

In this epoch, the scalar field rolls in the direction of sgn(c¢)
so that the dark energy density decreases due to the
exponential dependence of the scalar potential V(¢) on
¢. Therefore, the supernovae datasets which probe low
redshifts should be expected to be most sensitive to c¢. Thus,
one can intuitively associate the dominant effects of ¢’ and
¢ with distinct cosmological epochs: the matter-dominated
era and the dark energy-dominated era, respectively. For
nonzero values of ¢ and ¢/, we expect the dark matter to
fade in the matter-dominated era and dark energy to fade in
the dark energy-dominated era, which is why we call this
model the fading dark sector model. Note that if ¢ and ¢’
have opposite signs, the dark energy increases in the dark
matter dominated era and the dark matter increases in the
dark energy-dominated era which is a secondary effect in
the expansion of the universe.

Components of the energy density driving the expansion
of our universe are often modeled as perfect fluids. These
are characterized by an equation of state parameter w which
is the ratio of the fluid pressure to its energy density. In
general, the equation of state is time-dependent although it
is constant for many common fluids like cold dark matter,
nonrelativistic baryons, massless radiation, and the cosmo-
logical constant. The relation between energy density and
expansion scale depends on the fluid type with the relation
p o a3+ The cosmological constant, which has
w = —1 and an energy density that does not dilute with
the expansion of the universe, marks the limiting case of
this behavior. No known fluids have w < —1 which would
mean that the energy density increases with the expansion
of the universe. This behavior violates the null energy
condition and would require a more exotic fluid known as
phantom.

In light of the above theoretical discussion, it is
interesting that recent measurements made by the DESI
Collaboration (and analyzed in conjunction with cosmic
microwave background (CMB) and supernova data and the
recent results of DES) show evidence of an equation of
state for dark energy that is less than —1 [7,47] and thus
violates the null energy condition.

The key to understanding the phantom behavior is that the
dark energy equation of state cannot be defined unambig-
uously in the presence of a DM/DE coupling. This is
because, when such a coupling exists, the interaction term
contributes to the energy momentum tensor. Moreover, the
individual energy densities are no longer simple functions of

_1 dlog(ppe) is
3 dlog(a)

influenced by the interaction. In particular, if one assumes
that DM redshifts as w = 0 (i.e., like 1/ a’), then one can
subtract its contribution from the total energy density and fit
the evolution of DE accordingly. In the presence of inter-
actions between DM and DE, this effective equation of state
is not constrained to satisfy w > —1, and in fact, for certain
couplings, we can obtain w < —1. Since the new DESI data
analysis assumes ppy ~ 1/a’, we advocate that the evidence
for wpg < —1 found by the DESI collaboration is actually

the scale factor, and the naive definition w =
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evidence for a coupling between dark energy and dark
matter.

It is easy to understand intuitively why a coupling
between dark matter and dark energy can lead to an
effective dark energy equation of state wpge < —1, and
we will see that this indeed occurs in our model. Consider
the evolution of the combined DM -+ DE fluid in ACDM,
where the total energy density redshifts in a prescribed
manner. Now, suppose there is a coupling between DM and
DE that causes this combined fluid to dilute more slowly
than in ACDM. Heuristically, this can occur if DM transfers
part of its energy density to DE, although, as noted earlier,
it is not possible to define these energy densities separately
and precisely in the presence of interactions. Nevertheless,
if one models this interacting system under the assumption
that DM still redshifts as 1/ a3, then one is forced to infer
the existence of a DE component with w < —1, since this is
the only way to achieve slower dilution than in ACDM
while keeping the matter dilution rate and density at early
times fixed.

Let us illustrate the above behavior in our model. The
total energy density and pressure of the combined dark
matter and dark energy after the onset of the fading dark
sector at ¢p = 0 are given by

/ 1. .
PDMiDE = Monga e + 5(152 + Voe™?,
1. ‘
PDM4DE = 5452 = Voe™?, (10)

where the constants m, and n, represent the initial mass
scale and density of dark matter, while V, is a constant that
sets the energy scale of the scalar potential. We set the
beginning of the cosmological simulation, and hence the
onset of the fading dark matter, to redshift z = 10'%.
However, as shown in Fig. 5 the scalar field remains
frozen by Hubble friction throughout most of the radiation-
dominated era and only begins to roll significantly near its
end. Therefore, the precise value of the initial redshift is not
physically relevant.

To extract the effective dark matter and dark energy
components, we define the dark matter sector density and
pressure as

pom = monoe™Pia= = plly e~ tia=3,
Ppm = 07 (1 1)

so that it redshifts exactly as conventional cold dark matter.
The remainder is then attributed to the dark energy sector

1 . 0 e_c/‘p —_ e_C/¢[
PDE = 5452 + Voe= ¢ +pDM[ 3 ] ,

1. ‘
PDE = 5452 - Voe ™9, (12)

where ¢; is the value of the scalar field at the onset of the
dark matter mass evolution in comoving volume.

Note that the dark matter density and pressure have been
defined so that the dark matter behaves as a pressureless
fluid redshifting as 1/a, while all deviations due to the
field dependence of m are attributed to the dark energy
sector. With the above definitions, it is easy to see that the
effective DE equation of state can be less than minus one.
To that end, and for convenience in the following dis-
cussion, we first define the scalar field equation of state:

_ Py _2# = Vo
Py 3¢+ Voe !

(13)

Wy

which satisfies —1 <w, <1 with the limiting cases cor-
responding to a scalar field with vanishing kinetic energy
and potential respectively. In term of the quantity wy, we
write the effective DE equation of state as

p w
WDE.eff = P—ll;laa = ﬁ (14)
where
0
xX= p;)M [e=¢'P — ¢=<'P]. (15)
a p¢

For a nonrolling scalar field, we have ¢ = ¢; and
WpEeff — Wy satisfying  the usual expectation that
uncoupled quintessence DE has an equation of state
between —1 and 1. On the other hand, if the scalar field
rolls to larger values as the universe expands, i.e., ¢; < ¢,
then we have that x <0 and wpg < wy which allows
wpgef < —1 1f wy, s sufficiently close to —1. This is indeed
the behavior we get in the fading DM model. The equations
of motion for the scale factor and the scalar field are

Q

1, Q)
3H? = 3¢ + Verr($) + 5 (3HG) +—3 (3H7),
Y y dVeff
3H =0, 16
b+ 3HG+ (16)

where Qp and Qp are the current ratios of the energy
density of radiation and baryonic matter to the critical
energy density and

Veir = Voe™? + monga=>3e =<9, (17)

The fact that wpger can have a magnification factor
compared to w, and make it appear phantomlike was
already noted in [1,48-53]. All these works except for [1]
assumed the mass of the dark matter increases as the scalar
potential decreases, which was motivated in part by the
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condition that the effective potential acquires a minimum
which is not required in [1].

Another key difference is in the definition of the effective
dark energy density. Except for [1], to attain a phantom
behavior despite the fact that mass goes up, they define an
effective dark energy density by subtracting the redshifted
contribution of the current dark matter density instead of
the initial one.® The combination of these two differences
leads for those models to potentially also have an effective
phantom behavior. In our model, even with opposite ¢, ¢’
signs, the dark matter mass goes down in the matter
dominated era and goes back up slightly in the energy
dominated era, so the net effect for us is a decrease in the
DM mass leading to a natural phantom behavior already
discussed. This is unlike e.g., [53] where DM mass
monotonically increases in DESI-sensitive era (though it
can go down in earlier epochs).

Before proceeding further, we would like to take this
opportunity to compare the theoretical structure of our
model to those appearing in [48-53]. We will use the most
recent paper [53] as an example but our comments apply in
general. While the model we are studying here [1] has
phenomenological similarities with [53], in that they couple
dark matter and dark energy, there are several substantial
and very important differences. First, as we discussed the
coupling parameters ¢ and ¢’ are expected, by string-
theoretic considerations, to take O(1) values and this is
borne out in our inference from data. For example a priori
0 <|VV]| <1 in Planck units. But string theory motivated
dS conjecture [13,14] led to the prediction [1,17] that
|VV| ~ 10712251 where the +1 in the exponent is deter-
mined by c. No analogous theoretical motivation is pro-
vided in [53]. Second, for dark matter mass, string theoretic
motivations led [1] to propose that the slope of dark matter
mass |V,m|, is of the order of the dark matter mass m
(which again a priori could have been any number from 0
to 1 in Planck units). By contrast, in [53] only a correction
to the dark matter mass is ¢-dependent. Achieving an
observable effect in the latter case requires the correction
term to be comparable to the bare mass, introducing an
additional tuning. Finally, our model is characterized by
only two additional O(1) parameters, ¢ and ¢/, while the
model in [53] contains three additional free parameters. As
a result, despite certain phenomenological similarities, the
theoretical structure underlying the two models is substan-
tially different.

Given that our model is based on the fading dark matter
model of [1] and that earlier results there show its
consistency with the best-fit wy—w, parametrization, we
expect that it can reproduce the phantomlike behavior

®Since the sampling of the data is scattered across different
epochs the effective observational wpgey is presumably a
subtraction of fixed dark matter density at some intermediate
point.

preferred by the DESI+CMB(+SN) datasets within a well-
motivated physical framework. To explore this, we reana-
lyze the fading dark matter model using the newly available
data. In order to run Markov chain Monte Carlo (MCMC)
simulations, we adapt the publicly available Boltzmann
solver CLASS [54] to include scalar fields coupled to a
single species of DM. We modify the evolution of the
background cosmology and also include the new (coupled)
perturbations in a self-consistent manner so that our
modeling fully takes into account the effect of perturbations
on linear scales. The equations governing the perturbations
of this coupled system are standard in the literature, see,
e.g., [55,56]. The couplings, potentials, and dependence of
the DM mass on the scalar fields (in the background and
perturbation modules) are implemented in a way that is
easy to modify and we use this freedom to test various
models (such as those presented in the Supplemental
Material [57]).

We use the Metropolis-Hastings algorithm built into the
sampler COBAYA [58,59] to sample from the parameter
posteriors in each case. Our MCMCs are run including the
following datasets:

(i) Baryon acoustic oscillations (BAO) measurements
from DESI DR2 [6], which provide measurements
of the transverse comoving distance Dy (z) =

$dZH(Z')7" and the line-of-sight Hubble distance
Dy(z) = H(z)™! for various tracers.

(ii)) CMB temperature and polarization data from Planck
2018 [60] alongside additional data from the Ata-
cama Cosmology Telescope (ACT) [61] for lensing
and also from the latest NPIPE PR4 data release from
the Planck collaboration [62]. These are made
available through the likelihoods and baseline power
spectra in the third Planck public data release (PR3),
through the sixth data release (DR6) of the ACT
collaboration, and through the cAMSPEC likelihoods
[63] integrated into the public version of COBAYA.’

(iii) Type Ia supernova luminosity distances. Here we use
three supernovae samples: (i) the Union3 sample
[64], (i1) the Pantheon+ sample [65], and (iii) the
DESYS5 sample [5].

We consider two models, distinguished by the sign of c,
and analyze various combinations of cosmological datasets.
These are two-parameter models characterized by either
¢>0,¢>0o0r c¢<0,c¢ >0. The posterior contours and
preferred values for ¢ and ¢’ across different datasets are
shown in Fig. 3. In both scenarios, during the dark matter-
dominated era, the scalar field evolution is driven by the
¢-dependence of the tower, which pushes the field toward
larger ¢, resulting in a decreasing dark matter mass. This
behavior is illustrated in Fig. 5, where we plot the evolution
of the scalar field and dark matter density versus conformal

"The ACT DR6 lensing likelihoods can be accessed through
https://github.com/ACTCollaboration/act_dr6_lenslike.
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FIG. 3. Contours showing the 1- and 2-¢ constraints on ¢ and ¢/, along with their marginalized posteriors for two fading dark sector
models with opposite signs of ¢, across various datasets. ACDM corresponds to ¢ = ¢/ = 0.

time and redshift. The key difference between the two  the Swampland bound lc| > 1/2/3 ~0.82 (4) (especially
models arises during the transition to dark energy domi-  for ¢ < 0 case) which is expected to hold in some average

nation: for ¢ > 0, the dark matter continues to decrease but  gepse in the interior of the field space (see Table I). The
with a modified rate, whereas for ¢ <0, the scalar field  contour plots for other cosmological parameters can

reverses direction and dark matter transitions from decreas- be found in Fig. S1 and Fig. S2.

ing to increasing at late times. As shown in Table I, our As shown in Fig. 4, our models can also account for the
models have similar significance of preference over ACDM  apparent phantom behavior of dark energy reported by
as the (unphysical) CPL parametrization. Between our two DESI DR2 [7]. We emphasize that w is a derived, model-
models, there is a mild statistical preference for the ¢ <0  dependent quantity rather than a fundamental one, espe-
model. However, regardless of the sign of ¢, all combina-  cially in scenarios involving couplings between dark matter
tion of datasets that include CMB + DESI yield consistent  and dark energy. For instance, although our model fits the
values for ¢’ and exhibit a strong preference for a nonzero  data remarkably well, the effective equation of state W
¢’ ~0.05 £ 0.01 (see Fig. 3). Another remarkable feature is diverges near redshift z ~ 5 because the denominator in its
that any combination of datasets that include CMB +  definition [Eq. (14)] vanishes. Additionally, similar to the
supernova consistently yield O(1) values for |c| close to  CPL parametrization, the normalized dark energy density

TABLE 1. Statistical significance comparing the fading dark sector models for both ¢ >0 and ¢ <0 alongside the CPL
parametrization, across various combinations of supernova datasets (including the recalibrated supernovae datasets), to ACDM.
Additionally, the best fit, the mean, and the +1¢ values for ¢, ¢’ are provided for each fading dark sector model.

wow,CDM FDS (¢ < 0) FDS (¢ > 0)

Datasets Apdiap 6 Agup © c d Apip © c c

DESI+CMB -120 3.0 -88 25 -1.03 0.05 -6.8 2.1 0.42 0.05
-0.721045  0.05+£0.01 0437928 0.05+0.01

DESI+CMB+Union3 -168 37 —-146 34 -1.12 0.05 -109 29 0.81 0.06
-1.01%3  0.05+0.01 0715937 0.05+0.01

DESI+CMB+Pantheon+ -102 2.7 —114 29 —-0.85 0.05 -94 26 0.65 0.05
-0.76792  0.05 +0.01 0.54702  0.05+£0.01

DESI+CMB+DESY5 -203 41 -193 40 —-1.06 0.05 -159 36 0.83 0.06
~1.00%313  0.0540.01 0.79*014 0.05+0.01
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FIG. 4. Comparison between (effective) dark energy of the fading dark sector models and the CPL parametrization using MCMC runs
fitted to CMB + DESI DR2 + Union3 to remain comparable to that demonstrated in [7]. In the left figures, we show the best fit, the 1- and
2-¢ effective dark energy equation of state wpg ¢ for two fading dark sector models with different signs of ¢ and compare both to the CPL
parametrization plotted against the binned w(z) from DESI DR2 (reproduced from [6] Fig. 12 and shown in green). As illustrated,
apparent phantom behavior can emerge in the fading dark sector scenario. In the right figures, we have also shown the best fit, the 1- and
2-0 ranges for the normalized dark energy density, defined as fpg e (2) = ppr.efr(2)/PBas (0) for the two fading dark sector models.

in the fading dark sector (FDS) model exhibits similar
behavior that can capture qualitatively similar behaviors
arising from the phantom crossing of wpg .f as can be seen
in Fig. 4. This is a general phenomenon and persists even
when fitting models to datasets involving recently recali-
brated supernovae data as can be seen in Fig. SS5.

As we explained in Sec. IV, experiments probing the dark
matter—dominated epoch, such as DESI which has most of
its data from that era, primarily constrain the parameter ¢’,
while low-redshift measurements, such as supernovae data-
sets that are most sensitive to the dark energy-dominated
era, serve as probes of c. These two types of observations
are nearly independent. For instance, excluding the

supernovae datasets leads to the same best-fit value of ¢’
with ¢ compatible with O (see Table I), whereas removing
DESI and including only supernovae data selects the same
value of ¢ but yields a different best-fit value of ¢’
compatible with O (see Table I). Moreover, the significances
of the individual fits approximately add up to the signifi-
cance of the combined fit in Table I. This indicates that
interpreting ¢ and ¢’ as independent variables constrained
by independent datasets is a good approximation.

One might wonder how much of our analysis is sensitive
to the shape of the scalar potential. For example, let us
consider replacing the scalar potential with a hilltop poten-
tial in the fading dark sector model. Since DESI prefers a
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TABLE II.

The updated statistical significance comparing the fading dark sector models for both ¢ > 0 and ¢ < 0 alongside the CPL

parametrization, across various combinations of supernova datasets including the recalibrated supernovae datasets, to ACDM. As
before, the best fit, the mean, and the +16 values for ¢, ¢’ are provided for each fading dark sector model. The red arrow indicates how
the significance has changed as the supernovae data gets recalibrated.

Datasets wowe CDM FDS (c < 0) FDS (c > 0)

AX%/IAP a AX%/IAP a c d AX%/[AP a c d
DESI+CMB 120 30 | —88 | 25 _0}12'?%’:32 00;2301 68 | 2.1 0.4%‘%53 0.050‘;2%.01
DESTHEMDBUnfons —los 3'5 —0 3‘¢4 ffoli%%;g; 0.050 fbm —10.9 Qf 0.701'*?'51;;32 0.050 ﬁ%m
DESI+CMBUnion3 1 | 133 | 34 | 119 | 80 | 290 1 (D901 o0 |25 | om0
DESI+CMB+Pantheon+ | —10.2 2.¢7 114 2.¢9 - 0?7%‘??;33 0.05132.0 || 94 2i6 0.5%%’:31 0.05‘250 u
DESI+CMB+Pantheon+(recal.)| ~12.7 | 32 | —185 | 32 | _ 0% | D0 L gpa | 29 | 0T |0 08
DESI+CMB+DESY5 ~20.3 4.41 ~19.3 4.40 B fologgﬁi 0'050';[)56'01 ~15.9 3i6 0'7%4?_%:13 0.050£60.01
DESI+OMB+DES Doveldie | ~18.7 | 3.1 | ~132] 32 70.8_10ﬁ20.19 0.05032%.01 —10.7| 238 0.620£%.18 o.os?i)%.m

nonzero value of ¢/, the scalar field rolls significantly during
the matter-dominated era regardless of the shape of the
scalar potential. Therefore, unless we unnaturally fine-tune
the initial condition for ¢ such that the scalar field lands at
the top of the hilltop at the end of the matter dominated era,
we are only sensitive to the slope of the scalar potential in
the dark energy dominated era. In particular, as seen in
Fig. S9, if we choose the initial value of the scalar field to be
at the top of the hilltop, it rolls off the hilltop before dark
energy dominates, leading to the same picture with an
exponential potential with ¢ > 0. This agreement confirms
that only the local slope of the potential captured by c is
sufficient to parametrize V as we have assumed. Adding
spatial curvature to the fading dark sector does not improve
the fit either as data prefers no spatial curvature (Figs.
S11, S12). Alternatively, if one were to replace the fading
dark matter with spatial curvature (as proposed in [66]) the

result would be statistically disfavored relative to the fading
dark sector (Table II). Our results differ from those in [66]
for runs with €, # 0 due to our use of the full CMB dataset
and inclusion of SN samples beyond DESYS5, which notably
worsen the fits.

Given that the scalar field ¢ is very light, with Hubble
mass, one might worry about the implications of a fifth
force mediated by ¢. Let us make two important remarks.
First, since visible matter is localized on the Standard
Model brane in the extra dimension, it does not couple
directly to ¢p. As a result, no fifth force is mediated within
the visible sector. Second, regarding the dark sector, bounds
on fifth forces between dark matter particles that rely on
standard cosmological evolution do not directly apply to
our model, which exhibits a different cosmological history.
There are also bounds on fifth forces from galactic-scale
observations [67] that must be taken into account.

%1077
1.0 3;3 ggi * gi:g — 100 . 30 DESI DR2 + CMB
D59l Do + i + - 00 Y, DESI DR2 + CMB + Union3
. DESI DR2 N CMB + D?:\]'I-UH d o / . DESI DR2 + CMB + Pantheon-+
- + DRSS d Y, - DESI DR2 + CMB + DESY5
06 " 0.98 N/
: A // .
¢ 4 mDpM \y’/ Vpor 20
J 0.97
0.4 / L
72N N P - ) 150 S e
/ 0.96 —— DESI DR2 + CMB 5 /-
0.2 V4 DESI DR2 + CMB + Union3 || &
/// 0.95 DESI DR2 + CMB + Pantheon+ 1.0 =
0.0 DESI DR2 + CMB + DESY5 S—
0.94 - 0.5 -
1074 1072 10° 10° 10 107 10° 10° 10 10 104 ? 1074 10° 107 10 10t 104
T 4 4
(a) Scalar field trajectory. (b) Dark matter mass. (c) Dark energy density.
FIG. 5. Evolution of the scalar field and normalized mass scale of the tower that makes up the dark matter for two fading dark sector

models with opposite signs of ¢, shown across various datasets. Here, the solid and dashed lines indicate the ¢ < 0 and ¢ > 0 FDS
model, respectively. In both cases, the dark matter mass exhibits a net decrease. However, for ¢ < 0, there is a brief increase during dark
energy domination due to the reversal in direction of the scalar field that controls the dark matter mass. We also show the potential of the

dark energy for both of the FDS models.
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FIG. 6. Updated contours showing the 1- and 2-¢ constraints on ¢ and ¢’, along with their marginalized posteriors for two fading dark
sector models with opposite signs of ¢, using the recalibrated supernovae datasets. ACDM corresponds to ¢ = ¢’ = 0.

The exchange of effectively massless ¢ leads to a potential
between dark matter constituents. It is easy to check that in
our case this is given in reduced Planck units by

Fy ”
r 2¢"* ~0.005 £ 0.002. (18)

grav

The fifth force in the dark sector is strongly constrained to
be small. The smallness of the fifth dark force is naturally
explained in our model given that ¢’ is O(1) according
to (18), thereby resolving this apparent fine-tuning prob-
lem. In particular, the bound derived in [67] from tidal

disruption on dwarf galaxies orbiting the Milky Way
suggests ¢’ <0.2. It is reassuring that the best-fit value
from our model, ¢’ ~0.05+ 0.01, corresponding to an
attractive fifth force in the dark sector 0.5% of the strength
of the gravitational force, satisfies the current upper bound.
The fact that the upper bound is only slightly above the
observed value of ¢’ in our model raises the exciting
prospect of detecting a dark fifth force in the near future. It
would be interesting and worthwhile to revisit the bounds
on the fifth force within our dynamical DM/DE framework.

Our best-fit value for the fifth-force ratio, Fy/F gy, ~
0.005, is consistent with the analysis of [68], which
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FIG. 7. The updated contours showing the 1- and 2-¢ constraints on w, and w, in the CPL parametrization fitted to combinations of

recently recalibrated supernovae datasets.

independently found a hint for a fifth force in the dark
sector Fs/F gy, ~0.004 4 0.002 in the DESI DR1 data.®

Note added. The recently recalibrated supernovae datasets,
namely DES-Dovekie [69] and Union3.1/Unityl.8 along
with the recalibration of the Pantheon+ dataset [70,71],
has affected the statistical preference of cosmological
models deviating from ACDM. A more consistent signifi-
cance emerges—the significance of the CPL parametriza-
tion reported in the literature appears to be consistently
around 30 when fitted to CMB (Planck + ACT), BAO
(DESI DR2), and SN [DES-Dovekie, Union3.1, Pantheon+
(recal.)]. We similarly observe such a consistent pattern of
significance for the fading dark sector model which has
now been reported in the newly updated Table II.
Furthermore, the recalibrated datasets show a remarkable
agreement on the preferred value of ¢ as can be seen in the
updated Fig. 6 for our preferred model with ¢ < 0, ¢’ > 0.
This consistency among datasets using supernovae is also
observable when using the CPL parametrization. However,
the tension between results with and without supernovae
datasets for the CPL parametrization remains as can be seen
in Fig. 7. In a sense our model could have been used to

¥We thank Mikhail Ivanov and Tracy Slatyer for bringing this
paper to our attention after the first version of this paper appeared.

argue that there is a slight discrepancy between different
SN datasets which is now removed after recalibration.
As the measurements of supernovae probe the physics in
the energy-dominated era (z <0.5), this consistency is
expected. With this, it is reassuring that the two extended
physically motivated parameters in our model (compared to
ACDM) are well measured across all datasets.
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