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Dark Energy can cross 
phantom divide

• If observations are consistent with w=-1, 
have we proven that DE=Λ?

• Canonical scalar field: yes

• Not true in general: could have equation of 
state that varies around w=-1

• Monodromic k-essence: 
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II. MONODROMIC DARK ENERGY

In this section, we review the main aspects of the mon-
odromic dark energy model. We refer the reader to
Ref. [27] for more details. Our starting point is a spa-
tially flat universe with a scalar field ω that drives the
late-time accelerated expansion. To accommodate a rich
set of expansion histories, including phantom crossing, we
consider a field which drives accelerated expansion via its
kinetic energy, often referred to as k-essence [39, 40].2 To
this end, we consider the following action,

S =

∫
d
4
x
→

↑g

[
1

2
M

2
PlR + p(ω, X) + Lm

]
, (1)

where M
2
Pl ↓ 1/(8εGN) is the reduced Planck mass,

p(ω, X) is a function of the scalar field, ω, and its ki-
netic energy, X ↓ ↑ 1

2g
µω

ϑµωϑωω. For convenience, we
normalize the field such that ω has units of time, or in-
verse mass, and hence X is dimensionless. We focus on a
pure k-essence model up to quadratic order in the kinetic
energy, i.e.,3

p(ω, X) = V (ω)[↑X + X
2], (2)

where the “potential” is given by

V (ω) = C

(
ω

ω0

)→ε

[1 ↑ A sin(ϖH0ω + ϱ)] . (3)

Here, A, ϖ, and ϱ set the amplitude, frequency, and phase
of the oscillations, respectively. We have introduced the
Hubble rate today H0 in order to make ϖ dimensionless;
very roughly, ϖ sets the number of oscillations executed
over the age of the Universe. The power-law index ς

specifies the smooth component of the potential, and is
therefore related to the time-averaged equation of state
of the field. In the most general construction, ω0 and C

are free parameters; however, as shown in Ref. [27], the
monodromic k-essence scenario admits a tracking solution
during matter domination when A = 0. In this work, we
initialize the field on this tracking solution, in which case
C and ω0 are fully determined by the present-day dark
energy density. See Ref. [27] for the precise form of this
tracking solution.

To better understand how the parameters in Eq. (3)
influence the cosmological expansion history, Fig. 1 shows
how variations in each parameter individually a!ect the
dark energy density (top), equation of state (middle), and

2
This is in contrast to the more familiar quintessence scenario,

where the accelerated expansion is driven by the potential of

a canonical scalar field. It is straightforward to construct a

monodromic quintessence model [27]; however, this model cannot

cross the phantom divide, and is therefore of less observational

interest given the dark energy scenarios preferred by DESI.
3

Any p(ω, X) = K(ω)X + L(ω)X
2

with L(ω) →= 0 can be cast into

this form via a field redefinition [40].

Hubble parameter (bottom). From left to right, we vary
the amplitude A, power-law index ς, frequency ϖ, and
phase ϱ, holding all other parameters fixed at their fiducial
values of A = 0.5, ς = 0, ϖ = 25, and ϱ = 0. We fix H0,
”m, and ”b, thus anchoring the present-day dark energy
density and expansion rate. All parameters except the
frequency are varied across the prior ranges used in our
fiducial analysis. For the frequency, we show variations
across a broader range of values than our fiducial prior
(15 ↔ ϖ ↔ 30) to highlight values of ϖ that are either
too small to produce significant oscillations since dark
energy domination, or too high to be resolved given the
redshift binning of the DESI DR2 dataset (indicated by
the vertical gray dashed lines).

Each parameter introduces distinct features in the back-
ground history: increasing A enhances the amplitude of
oscillations in φDE(z) and wDE(z), while variations in
ς shift the time-averaged equation of state and tilt the
time-evolution of the dark energy density. Changes in
ϖ and ϱ modulate the frequency and phase of wDE(z),
respectively. By varying all of these parameters, the mon-
odromic k-essence model can accommodate a broad range
of oscillatory features in the dark energy evolution.

Thus far, our discussion has focused solely on the impact
of monodromic k-essence at the background level. How-
ever, dark energy models that cross the phantom divide
generally violate the null-energy condition (NEC). This is
problematic, since such violations are often accompanied
by gradient instabilities, which happen if the squared
sound speed of dark energy perturbations becomes nega-
tive, leading to exponential growth of perturbations on
all scales [41, 42]. Ref. [43] argued that these instabilities
can be kept under control by adding higher-derivative
terms to the action, which are generically expected in a
theory with a finite cuto!. Gradient instabilities arise
in the monodromic k-essence model for a vast range of
the parameter space considered here. Although including
higher-derivative terms could, in principle, stabilize the
theory, a complete treatment of perturbations in mon-
dromic dark energy is left to a future work. Here, we
conservatively constrain the monodromic k-essence model
using observations that are insensitive to dark energy
perturbations. In Appendix A, we present a modification
to the monodromic k-essence model that can mitigate gra-
dient instabilities while allowing for oscillations of similar
amplitude in the equation of state of dark energy.

III. DATASETS AND METHODOLOGY

In this section, we describe the datasets and analysis
choices used to constrain the monodromic k-essence model.
Given the theoretical uncertainties and model-dependence
of modeling dark energy perturbations for models that
cross the phantom divide, we constrain the monodromic
k-essence scenario including only information at the back-
ground level. In particular, we do not use a full CMB
likelihood, which encodes information about dark en-
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values of A = 0.5, ς = 0, ϖ = 25, and ϱ = 0. We fix H0,
”m, and ”b, thus anchoring the present-day dark energy
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frequency are varied across the prior ranges used in our
fiducial analysis. For the frequency, we show variations
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(15 ↔ ϖ ↔ 30) to highlight values of ϖ that are either
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energy domination, or too high to be resolved given the
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the vertical gray dashed lines).
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ground history: increasing A enhances the amplitude of
oscillations in φDE(z) and wDE(z), while variations in
ς shift the time-averaged equation of state and tilt the
time-evolution of the dark energy density. Changes in
ϖ and ϱ modulate the frequency and phase of wDE(z),
respectively. By varying all of these parameters, the mon-
odromic k-essence model can accommodate a broad range
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ever, dark energy models that cross the phantom divide
generally violate the null-energy condition (NEC). This is
problematic, since such violations are often accompanied
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can be kept under control by adding higher-derivative
terms to the action, which are generically expected in a
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theory, a complete treatment of perturbations in mon-
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FIG. 2: Evolution of the energy density (⇢K , top), equation
of state (wK , middle), and sound speed squared (bottom) of
the monodromic k-essence model. The frequency ⌫ is given
in units of M�1

Pl .

Correspondingly, all of ⇢K ,X, wK and c
2
s oscillate around

the values given by the scaling solution, with approxi-
mately

⇤2
⌫

2⇡H
⇡ ⌫MPl

2⇡
(22)

oscillations per Hubble time. While the amplitude of os-
cillations in ⇢K , and hence the Hubble rate H, are con-
trolled by the field amplitude and are hence of order A/⌫,
the oscillations in wK and c

2
s are proportional to '̇, which

oscillates with amplitude A. This will become relevant in
the observable e↵ects considered in Sec. V. As shown in
[41], no pathologies arise in k-essence when crossing the
phantom divide wK = �1, as long as the sound speed
vanishes at the crossing, and as long as gradient instabil-
ities are countered by higher-derivative terms neglected
in the action Eq. (11). The former is precisely what hap-
pens in monodromic k-essence, as is clear from Eq. (17)
(see also Fig. 2). We will discuss in Sec. IV whether brief
episodes of tachyonic behavior can be allowed. Note that,
by appropriate choice of ↵ and A, one can ensure that
c
2
s > 0 always. This however restricts the allowed range
of oscillation amplitudes significantly.

Fig. 2 shows the evolution of the k-essence energy den-
sity and equation of state as well as sound speed squared
obtained from a numerical integration of Eq. (15) [which
is quite close to the result of the analytical approxima-
tion Eq. (21)]. The initial conditions are again taken
from the tracking solution at a ⇡ 10�4, and the con-
stant C in V (�) is adjusted to obtain the desired value
of ⌦DE,0 = 0.73. Qualitatively, the behavior is similar to
the monodromic quintessence case. However, there are
several important di↵erences. First, the oscillations are
not damped [compare Eq. (21) with Eq. (7)]. Second, the
k-essence field can cross the phantom divide, allowing for

significantly larger oscillations even for an average equa-
tion of state that is close to �1. Recall that V (�) is not
a potential in this model, and so the field does not get
stuck even if V is non-monotonic. Third, the k-essence
model exhibits an oscillatory sound speed with |c2s| ⌧ 1,
while c

2
s = 1 always holds for quintessence.

IV. THEORETICAL CONSTRAINTS

We now briefly review theoretical constraints on the
parameter space of the monodromic dark energy models
considered here. We focus on constraints which are in-
dependent of the microscopic physics that leads to the
potential Eq. (1), and discuss the latter at the end of
this section. In the quintessence case, we have already
found the requirement |A�0⌫| < 1 in order to ensure a
rolling field; otherwise, the field gets trapped in a local
minimum, leading to an e↵ective cosmological constant,
which is uninteresting phenomenologically. No such con-
straint exists for the k-essence case.
However, unlike the monodromic quintessence case

where cs = 1, in the k-essence case we have to confront
the issue of gradient instabilities [42]. Within the comov-
ing sound horizon of the k-essence field, defined as

Rs(a) ⌘
|cs(a)|
aH

⇡ 150h�1 Mpc

✓
|cs(a)|
0.05

◆
, (23)

an additional e↵ective pressure force becomes relevant
in the dynamics of the k-essence fluid. In particular, it
sources a relative velocity divergence ✓mK ⌘ @x,i(viK �
v
i
m) between k-essence and matter, where @x denotes a
derivative with respect to comoving coordinates, whose
evolution equation is given by

✓̇mK +H✓mK +
c
2
s

1 + wK
a
�1r2

x�K = 0 , (24)

where �K is the fractional energy density perturbation in
the k-essence component and we have assumed |c2s| ⌧ 1.
If c2s < 0, this leads to an exponential growth instability
in the dark energy component, known as gradient insta-
bility, as �K is itself sourced by �✓mK . We can formally
integrate Eq. (24) to yield a stability constraint given by

Z ln a

0
d ln a0H�1(a0)DK(a0)

c
2
s(a

0)

1 + wK(a0)
> 0 , (25)

whereDK(a) = �K(k, a)/�K(k, 1) is the k-essence growth
factor which is in general scale dependent and a compli-
cated function of time. Let us first consider large-scale
perturbations whose time scale 1/! = 1/k is longer than
one oscillation period of the field. From Eq. (22), this
implies

k

aH
. ⌫MPl

2⇡
. (26)

For these perturbations, the episodes of tachyonic be-
havior are too short to allow instabilities to grow. We
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On tachyonic 
instabilities

• Fine at the background level, but DE perturbations suffer 
tachyonic instabilities if cs2 < 0

• k-essence case naturally has cs2 << 1; in fact, cs2 ~ (1+w) in 
1+w -> 0 limit, leading to tachyonic instabilities as 1+w < 0

• These can be dealt with consistently if

• Higher-derivative contributions are present:

• cs2 stays infinitesimally below 0

• Lowers cutoff of the theory, but not ruled out. 

Creminelli, D’Amico, Noreña, Vernizzi (2009)
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on c
2
s

when wDE drops significantly below →1. However,
it is not di!cult to come up with k-essence-like models
that satisfy the constraint. An example is given by

p(ω, X) =
M̄

4

2
(2X → 1)2 → F (ω) + G(ω)(2X + 1) (A4)

F (ω) = V0

[
1 → Ã sin(ε̃H0ω)

]
(A5)

G(ω) = V0Ãε̃H0 cos(ε̃H0ω). (A6)

where M̄ ↑
(
H0M

2
Pl

)1/3
, thus avoiding Jeans instabilities,

and V0 ↑ 3H2
0M

2
Pl can be adjusted to match the present-

day dark energy density similarly to the model considered
in the main text.

This model exhibits a sound speed c
2
s

that remains
above →10→40, i.e. in the regime where gradient instabili-
ties are stabilized by the higher-derivative contribution,
even when considering parameter values for Ã, ε̃ that lead
to rapid oscillations in wDE with amplitude of order 0.1.
In the future, it would be worth performing a background-
and perturbation-level analysis of this model as well.

In Eq. (A4), we have not written the higher-derivative
contribution, as its precise form is not important on cos-
mological scales. Possible choices are [43]:

”LDE,h.deriv. = → M̄
2

2
[↭ω + 3H(ω)]2 or (A7)

→ M̄
3

2
[↭ω + 3H(ω)] (2X → 1) , (A8)

where the H(ω) correction removes the contribution to
the background for simplicity.

Appendix B: Impact of DESI LRG2 Data

In this appendix, we explore whether the oscillation scales
preferred by the DESI DR2 BAO data are influenced by
the LRG2 measurements. As detailed in Abdul Karim
et al. [11], the DESI LRG2 measurements are in mild
tension (1.5ϑ → 2.6ϑ depending on assumptions about
correlation) with previous measurements from the Sloan
Digital Sky Survey (SDSS) [76–78]. Additionally, the
best-fit monodromic dark energy scenarios explored in
the main text generally try to fit the dip in the LRG2
parallel BAO distance measurement (see the left panel
of Fig. 2). Consequently, we reanalyze the monodromic
dark energy scenario without the LRG2 data.

Fig. 5 shows the marginalized posteriors for the mon-
odromic dark energy parameters for the datasets consid-
ered in this work, excluding the DESI DR2 LRG2 mea-
surements. Compared to our fiducial analysis (Fig. 3),
the constraints on the frequency ε become significantly
weaker. [FS: I removed a couple statements on evidence
being driven by the LRG2 data point, which we also make
in the main text. I think this conclusion is clear to the
reader without explicitly stating it.] Additionally, notice
that the constraints without LRG2 prefer higher values
of ε. This is a prior volume e#ect as the higher frequency
oscillations require larger amplitudes to significantly mod-
ify the expansion history (see Fig. 1). [FS: I have a bit
di!culty following the logic here on prior volume, can
you expand/rephrase?]

Fig. 6 compares the marginalized posteriors for the
QCMB+ DESI BAO dataset combination, with and with-
out the LRG2 data, to those obtained using a mock

<latexit sha1_base64="xy3KWTvo19Uo6sYjH1HzL0Acxhc="></latexit>

ω̈ε → ↑c2sk
2ωε+

k4

M̄2
ωε+ . . .

e.g., from



Dark Energy can 
cross phantom divide

• An example viable model (due to Marco Celoria):

• Oscillations with amplitude Δw~0.1 around w=-1 
easily possible while satisfying constraints on 
instabilities and having cutoff > eV scale.
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that satisfy the constraint. An example is given by
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, thus avoiding Jeans instabilities,

and V0 ↑ 3H2
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Pl can be adjusted to match the present-

day dark energy density similarly to the model considered
in the main text.

This model exhibits a sound speed c
2
s

that remains
above →10→40, i.e. in the regime where gradient instabili-
ties are stabilized by the higher-derivative contribution,
even when considering parameter values for Ã, ε̃ that lead
to rapid oscillations in wDE with amplitude of order 0.1.
In the future, it would be worth performing a background-
and perturbation-level analysis of this model as well.

In Eq. (A4), we have not written the higher-derivative
contribution, as its precise form is not important on cos-
mological scales. Possible choices are [43]:

”LDE,h.deriv. = → M̄
2

2
[↭ω + 3H(ω)]2 or (A7)

→ M̄
3

2
[↭ω + 3H(ω)] (2X → 1) , (A8)

where the H(ω) correction removes the contribution to
the background for simplicity.

Appendix B: Impact of DESI LRG2 Data

In this appendix, we explore whether the oscillation scales
preferred by the DESI DR2 BAO data are influenced by
the LRG2 measurements. As detailed in Abdul Karim
et al. [11], the DESI LRG2 measurements are in mild
tension (1.5ϑ → 2.6ϑ depending on assumptions about
correlation) with previous measurements from the Sloan
Digital Sky Survey (SDSS) [76–78]. Additionally, the
best-fit monodromic dark energy scenarios explored in
the main text generally try to fit the dip in the LRG2
parallel BAO distance measurement (see the left panel
of Fig. 2). Consequently, we reanalyze the monodromic
dark energy scenario without the LRG2 data.

Fig. 5 shows the marginalized posteriors for the mon-
odromic dark energy parameters for the datasets consid-
ered in this work, excluding the DESI DR2 LRG2 mea-
surements. Compared to our fiducial analysis (Fig. 3),
the constraints on the frequency ε become significantly
weaker. [FS: I removed a couple statements on evidence
being driven by the LRG2 data point, which we also make
in the main text. I think this conclusion is clear to the
reader without explicitly stating it.] Additionally, notice
that the constraints without LRG2 prefer higher values
of ε. This is a prior volume e#ect as the higher frequency
oscillations require larger amplitudes to significantly mod-
ify the expansion history (see Fig. 1). [FS: I have a bit
di!culty following the logic here on prior volume, can
you expand/rephrase?]

Fig. 6 compares the marginalized posteriors for the
QCMB+ DESI BAO dataset combination, with and with-
out the LRG2 data, to those obtained using a mock

Goldstein, Celoria, FS (2025)
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• 3 free parameters (FS 2017 model) in 
addition to Ωde, potential tilt α <=> mean w: 

• amplitude, frequency, phase of 
oscillations

• Exclude all observables sensitive to 
perturbations here

• Similar fit quality to DESI BAO + SN as    
w0, wa

• Mean w consistent with -1 (motivated by 
theory as well); then, only 1 more free 
parameter than w0, wa !
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FIG. 2. Left panel: Comparison of the transverse (top) and parallel (bottom) BAO distance measurements for !CDM and
monodromic dark energy models. Squares indicate DESI DR2 measurements. Measurements and theoretical predictions are
plotted relative to the baseline (QCMB+DESI DR2 BAO) best-fit !CDM model. The black, blue, and red lines show best-fit
predictions for monodromic dark energy models using the baseline dataset alone, and in combination with Pantheon-Plus and
DESY5 supernovae data, respectively. Right panel: Comparison of supernovae distance moduli for !CDM and monodromic dark
energy models. For clarity, we show distance moduli relative to the best-fit !CDM cosmology from the baseline (QCMB+DESI
DR2 BAO) dataset combined with the particular supernovae sample shown in each panel: Pantheon-Plus (top) and DESY5
(bottom). Gray squares indicate supernovae measurements, which have been combined using inverse-variance weighting for
visualization. As detailed in the text, the absolute magnitude calibration is fixed to the best-fit value obtained by fitting the
unbinned supernovae data under the reference !CDM model in each panel.

prediction for the particular baseline+SN dataset shown
in each panel. That is, the top (bottom) panel shows
results relative to the best-fit baseline+Pantheon-Plus
(DESY5) !CDM cosmology. As the supernovae data are
uncalibrated, we need to adopt an absolute magnitude
calibration for visualization purposes. To this end, we
compute the best-fit (MAP) absolute magnitude for each
supernovae dataset by fitting the unbinned supernovae
distance moduli at fixed cosmology, assuming the best-fit
reference !CDM cosmology used in each panel.

Fig. 3 shows the marginalized posteriors for the key
monodromic dark energy and !CDM parameters ana-
lyzed in this work. For the baseline dataset (gray), the
constraints on the amplitude, frequency, and phase of
oscillations are largely prior dominated. However, the
degeneracy between the frequency (ω) and the phase (ε)
indicates that this dataset combination has a preferred
oscillation scale. As discussed in detail in Appendix B,
this preference is primarily driven by the “dip” in the
LRG2 BAO distance measurements compared to !CDM.

Our constraints that include supernovae data are sen-
sitive to the particular supernovae sample. While the
baseline+Pantheon-Plus dataset (blue) is consistent with
the !CDM limit (A = 0), the baseline+DESY5 dataset

(red) suggests a mild preference for a non-zero amplitude,
A = 0.44+0.15

→0.12 at the 68% C.L. These findings are consis-
tent with previous studies of dynamical dark energy with
supernovae data, which have found that DESY5 tends
to exhibit a stronger preference for evolving dark energy
than Pantheon-Plus.

We also find that including supernovae data leads to
a preference for a specific oscillation frequency, ω → 23,
although we emphasize that this is partially driven by
our informative prior on the frequency, 15 ↑ ω ↑ 30. As
shown in Appendix C, relaxing this prior to 5 ↑ ω ↑ 35
yields a multimodal posterior, indicating that current
data are compatible with a broad range of oscillation
frequencies. Finally, we note that the combination of the
CMB, BAO, and supernovae place strong constraints on
ϑ, favoring oscillations about wDE = ↓1 (ϑ = 0).

To quantitatively assess if there is a preference for
monodromic k-essence over !CDM, we compute the ”ϖ

2

between the best-fit k-essence and !CDM models for
each dataset combination considered in this work. These
values, along with the corresponding preference in ϱ, de-
rived from Wilks’ theorem [59], are reported in Table I.
For the baseline and baseline+Pantheon-Plus dataset we
find negligible (1.5ϱ and 1.0ϱ, respectively) preference

Goldstein, Celoria, FS (2025)
See also Rebouças et al (2024
arXiv:2408.14628
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uncalibrated, we need to adopt an absolute magnitude
calibration for visualization purposes. To this end, we
compute the best-fit (MAP) absolute magnitude for each
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distance moduli at fixed cosmology, assuming the best-fit
reference !CDM cosmology used in each panel.

Fig. 3 shows the marginalized posteriors for the key
monodromic dark energy and !CDM parameters ana-
lyzed in this work. For the baseline dataset (gray), the
constraints on the amplitude, frequency, and phase of
oscillations are largely prior dominated. However, the
degeneracy between the frequency (ω) and the phase (ε)
indicates that this dataset combination has a preferred
oscillation scale. As discussed in detail in Appendix B,
this preference is primarily driven by the “dip” in the
LRG2 BAO distance measurements compared to !CDM.

Our constraints that include supernovae data are sen-
sitive to the particular supernovae sample. While the
baseline+Pantheon-Plus dataset (blue) is consistent with
the !CDM limit (A = 0), the baseline+DESY5 dataset

(red) suggests a mild preference for a non-zero amplitude,
A = 0.44+0.15

→0.12 at the 68% C.L. These findings are consis-
tent with previous studies of dynamical dark energy with
supernovae data, which have found that DESY5 tends
to exhibit a stronger preference for evolving dark energy
than Pantheon-Plus.

We also find that including supernovae data leads to
a preference for a specific oscillation frequency, ω → 23,
although we emphasize that this is partially driven by
our informative prior on the frequency, 15 ↑ ω ↑ 30. As
shown in Appendix C, relaxing this prior to 5 ↑ ω ↑ 35
yields a multimodal posterior, indicating that current
data are compatible with a broad range of oscillation
frequencies. Finally, we note that the combination of the
CMB, BAO, and supernovae place strong constraints on
ϑ, favoring oscillations about wDE = ↓1 (ϑ = 0).

To quantitatively assess if there is a preference for
monodromic k-essence over !CDM, we compute the ”ϖ
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between the best-fit k-essence and !CDM models for
each dataset combination considered in this work. These
values, along with the corresponding preference in ϱ, de-
rived from Wilks’ theorem [59], are reported in Table I.
For the baseline and baseline+Pantheon-Plus dataset we
find negligible (1.5ϱ and 1.0ϱ, respectively) preference

• 3 free parameters (FS 2017 model) in 
addition to Ωde, potential tilt α <=> mean w: 

• amplitude, frequency, phase of 
oscillations

• Exclude all observables sensitive to 
perturbations here

• Similar fit quality to DESI BAO + SN as    
w0, wa

• Mean w consistent with -1 (motivated by 
theory as well); then, only 1 more free 
parameter than w0, wa !

Monodromic           
k-essence and DESI
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A ω ε ϑ !m H0 [km/s/Mpc] ”ϖ
2

Base: QCMB+DESI — (0.58) →0.06+0.06
→0.09 (→0.08) — (15.2) — (→2.2) 0.297 ± 0.011 (0.281) 68.9 ± 1.3 (71.0) -7

Base+Pantheon-Plus < 0.44 (0.25) 0.03 ± 0.06 (0.01) — (22.1) — (0.2) 0.307 ± 0.006 (0.308) 67.7 ± 0.6 (67.5) -5

Base+DESY5 SN 0.44+0.15
→0.12 (0.47) 0.01 ± 0.06 (0.00) 22.6+1.6

→1.5 (22.8) 0.5 ± 1.2 (0.5) 0.313 ± 0.006 (0.314) 67.0 ± 0.6 (66.9) -16

TABLE I. Marginalized constraints on monodromic dark energy and other cosmological parameters for the datasets considered
in this work. For each dataset, we report the posterior mean and 68% two-tailed C.L. for all parameters that are detected at
> 2ω, otherwise we report the one-tailed 95% C.L.; “—” denotes parameters that are entirely constrained by the prior at 2ω.
Maximum a posteriori values are shown in parentheses. The final column reports the !ε2 values computed with respect to a
”CDM cosmology.

for monodromic k-essence over !CDM. Conversely, for
the baseline+DESY5 data, the monodromic k-essence
scenario is preferred at 3ω. This strong dependence on
the supernovae dataset underscores the need for consis-
tent supernovae data in order to draw robust conclusions
about dynamical dark energy [60]. Finally, as detailed
in Appendix B, if we exclude the DESI LRG2 data, this
preference drops to 0.3ω, 0.6ω, and 2.4ω, for the baseline,
baseline+Pantheon-Plus, and baseline+DESY5 datasets.

This indicates that the LRG2 measurements plays a sig-
nificant role in our monodromic k-essence constraints,
particularly in the absence of Type Ia supernovae data.

For comparison, assuming the w0-wa parametriza-
tion, we find ”ε

2 = →8, →7 and →18 for the baseline,
baseline+Pantheon-Plus, and baseline+DESY5 datasets,

Monodromic k-essence 
and DESI

Goldstein, Celoria, FS (2025)
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FIG. 3. Marginalized posterior distributions for the key monodromic dark energy and other cosmological parameters analyzed in
this work. Constraints are shown for datasets combining Planck CMB and DESI BAO (gray), with the addition of Pantheon-Plus
supernovae (blue), and DESY5 supernovae (red).

A ω ε ϑ !m H0 [km/s/Mpc] ”ϖ
2

Base: QCMB+DESI — (0.58) →0.06+0.06
→0.09 (→0.08) — (15.2) — (→2.2) 0.297 ± 0.011 (0.281) 68.9 ± 1.3 (71.0) -7

Base+Pantheon-Plus < 0.44 (0.25) 0.03 ± 0.06 (0.01) — (22.1) — (0.2) 0.307 ± 0.006 (0.308) 67.7 ± 0.6 (67.5) -5

Base+DESY5 SN 0.44+0.15
→0.12 (0.47) 0.01 ± 0.06 (0.00) 22.6+1.6

→1.5 (22.8) 0.5 ± 1.2 (0.5) 0.313 ± 0.006 (0.314) 67.0 ± 0.6 (66.9) -16

TABLE I. Marginalized constraints on monodromic dark energy and other cosmological parameters for the datasets considered
in this work. For each dataset, we report the posterior mean and 68% two-tailed C.L. for all parameters that are detected at
> 2ω, otherwise we report the one-tailed 95% C.L.; “—” denotes parameters that are entirely constrained by the prior at 2ω.
Maximum a posteriori values are shown in parentheses. The final column reports the !ε2 values computed with respect to a
”CDM cosmology.

for monodromic k-essence over !CDM. Conversely, for
the baseline+DESY5 data, the monodromic k-essence
scenario is preferred at 3ω. This strong dependence on
the supernovae dataset underscores the need for consis-
tent supernovae data in order to draw robust conclusions
about dynamical dark energy [60]. Finally, as detailed
in Appendix B, if we exclude the DESI LRG2 data, this
preference drops to 0.3ω, 0.6ω, and 2.4ω, for the baseline,
baseline+Pantheon-Plus, and baseline+DESY5 datasets.

This indicates that the LRG2 measurements plays a sig-
nificant role in our monodromic k-essence constraints,
particularly in the absence of Type Ia supernovae data.

For comparison, assuming the w0-wa parametriza-
tion, we find ”ε

2 = →8, →7 and →18 for the baseline,
baseline+Pantheon-Plus, and baseline+DESY5 datasets,

Monodromic           
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FIG. 3. Marginalized posterior distributions for the key monodromic dark energy and other cosmological parameters analyzed in
this work. Constraints are shown for datasets combining Planck CMB and DESI BAO (gray), with the addition of Pantheon-Plus
supernovae (blue), and DESY5 supernovae (red).
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→0.12 (0.47) 0.01 ± 0.06 (0.00) 22.6+1.6

→1.5 (22.8) 0.5 ± 1.2 (0.5) 0.313 ± 0.006 (0.314) 67.0 ± 0.6 (66.9) -16

TABLE I. Marginalized constraints on monodromic dark energy and other cosmological parameters for the datasets considered
in this work. For each dataset, we report the posterior mean and 68% two-tailed C.L. for all parameters that are detected at
> 2ω, otherwise we report the one-tailed 95% C.L.; “—” denotes parameters that are entirely constrained by the prior at 2ω.
Maximum a posteriori values are shown in parentheses. The final column reports the !ε2 values computed with respect to a
”CDM cosmology.

in Appendix B, if we exclude the DESI LRG2 data, this
preference drops to 0.3ω, 0.6ω, and 2.4ω, for the baseline,
baseline+Pantheon-Plus, and baseline+DESY5 datasets.
This indicates that the LRG2 measurements plays a sig-
nificant role in our monodromic k-essence constraints,
particularly in the absence of Type Ia supernovae data.

For comparison, assuming the w0-wa parametriza-
tion, we find !ε

2 = →8, →7 and →18 for the baseline,
baseline+Pantheon-Plus, and baseline+DESY5 datasets,

respectively.6 Thus, the physically motivated monodromic
dark energy model can achieve !ε

2 improvements compa-

6
These !ω

2
values are smaller than those reported in Table VI

of the DESI analysis [11] because we use the late-time marginal-

ized CMB likelihood. Importantly, our !ω
2

value for the

DESI+QCMB dataset matches their result using the late-time

marginalized CMB likelihood (listed as DESI+(ε→ ϑb ϑbc)CMB.



• Reconstruction of w(z) and k-essence “potential” 7
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respectively.6 Thus, the physically motivated monodromic
dark energy model can achieve !ω

2 improvements compa-
rable to those of the phenomenological w0-wa parametriza-
tion, albeit with a larger number of free parameters. Using
Wilks’ theorem, these values correspond to a preference of
2.4ε, 2.3ε, and 3.8ε, respectively. This preference drops
to 1.4ε, 1.8ε, and 3.3ε when the LRG2 data are excluded.

Finally, we turn the parameter constraints into con-
straints on the redshift evolution of the dark energy equa-
tion of state and (generalized) potential V (z), which are
shown in Fig. 4 (top and bottom panels, respectively),
marginalized over all other parameters. We show the
results for the baseline (left), baseline+Pantheon-Plus
(middle), and baseline+DESY5 (right) datasets. The
solid white line shows the posterior mean and the gray
lines denote the 68% and 95% two-tailed confidence limits.
For comparison, we also show the best-fit equation of state
in the w0-wa model for each dataset combination (red dot-
dashed). For all datasets, the equation of state roughly
oscillates around the cosmlogical constant wDE = →1. We

6
These !ω

2
values are smaller than those reported in Table VI

of the DESI analysis [11] because we use the late-time marginal-

ized CMB likelihood. Importantly, our !ω
2

value for the

DESI+QCMB dataset matches their result using the late-time

marginalized CMB likelihood (listed as DESI+(ε→ ϑb ϑbc)CMB.

note that the constraints here are qualitatively consistent
with oscillatory features in the non-parameteric recon-
struction from Gu et al. [15] (see also [12] for previous
eBOSS results). Therefore, the monodromic k-essence sce-
nario is capable of reproducing the oscillatory signatures
found in data-driven reconstructions of dark energy.

V. CONCLUSIONS

In this work, we have presented the first observational
constraints on monodromic k-essence — a physically mo-
tivated dynamical dark energy model capable of realizing
rapid oscillations in wDE(z) about the phantom divide.
Using CMB, BAO, and Type Ia supernovae observations,
we constrain the amplitude, frequency, phase, and power-
law index of the (generalized) k-essence potential. We
find that the combination of CMB and DESI DR2 BAO
data are consistent with the standard ”CDM model, and
adding Pantheon-Plus supernovae measurements strength-
ens the preference for ”CDM over monodromic k-essence.
In contrast, including DESY5 supernovae leads to a mild
preference (3ε) for monodromic k-essence. For all dataset
combinations considered, the preference for monodromic
dark energy (and w0-wa) is partially driven by the DESI
LRG2 BAO distance measurements. Finally, we showed
that the monodromic k-essence model can fit current BAO

Monodromic           
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Outlook
• Monodromic k-essence: physically viable model that crosses 

phantom divide and provides reasonable improvement over 
ΛCDM to DESI+SN

• Would be interesting to combine with more high-z/low-z data

• Key next step: calculate evolution of perturbations

• Expect interesting constraints from growth rate

• Especially if extending to higher frequencies

• cs=0: Dark energy clusters, and perturbations become nonlinear 
on small scales

• Need N-body simulations that jointly solve for DE (ongoing 
work with Linda Blot)
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