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A puzzling implication of current data interpreted in the A-Cold Dark Matter cosmology is the

preference for a negative sum of neutrino masses.

Moving to wow,CDM brings an appreciable

fraction of the neutrino mass posterior back to positive values, while the constant equation-of-state
dark energy case wCDM does not. We investigate a variety of one-parameter dynamical dark energy
equations of state (DE EoS) whose redshift evolution is controlled by a single free parameter, each
representing distinct physical properties, to understand whether a two-parameter DE EoS is required
to bring the neutrino mass into the positive region. The conclusion is that certain one-parameter
DE EoS can suffice, implying that the data are pointing toward physical characteristics rather
than a broad degeneracy. This behavior effectively lowers the dark energy density at high redshift,
allowing the sum of neutrino masses to shift toward the physical region. The required characteristics
are identified as phantom dark energy at high redshift, crossing w = —1 at lower redshift.

PACS numbers: 98.80.-k, 95.36.+x, 95.35.4+d, 98.80.Es

I. INTRODUCTION

The Dark Energy Spectroscopic Instrument (DESI),
combining its data with other cosmic distance measure-
ments, has recently reported intriguing indications for
dynamical dark energy (DDE) from its first and second
data releases [1, 2]. These results challenge the stan-
dard A-Cold Dark Matter (ACDM) cosmological model,
in which dark energy (DE) is described by a cosmologi-
cal constant corresponding to vacuum energy with a con-
stant equation-of-state (EoS) w = —1. At the same time,
when working within the ACDM model, the results in-
dicate the posterior for the sum of neutrino masses to
lie substantially at unphysically negative values. We aim
to investigate to what extent these two indications are
connected.

According to the latest DESI results [2], the com-
bination of cosmic microwave background (CMB) data
with baryon acoustic oscillations (BAO) measurements
from DESI DR2 provides evidence not only for DDE
over ACDM, but that the dark energy dynamics evolved
from w < —1 to w > —1. This has been indicated not
only by the widely used wyw, parametrization of the DE
EoS [3, 4], where w(a) = wo + we(1 — @), but by form
independent methods such as orthogonal polynomials, in-
dependent redshift binning, and Gaussian process regres-
sion [5]. Depending on the Type Ia supernovae (SNIa)
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compilation adopted, the significance initially ranged
from 2.80 to 4.20 [2]. More recently, improved calibra-
tions of supernovae datasets, including DES-Dovekie [6]
and Union3.1 [7], have brought the different SNIa com-
pilations into better agreement. Using these recalibrated
datasets, the evidence for DDE is found to lie in the nar-
rower range 3.20-3.40 [6, 7], strengthening the robust-
ness of the result and reducing the dependence on the
specific supernovae sample used. These findings have re-
newed interest in exploring extensions of ACDM and in
assessing the physical origin of the possible DE dynam-
ics [8-69]. In this article, we focus on what we refer to
as one-parameter dynamical dark energy models, namely
the parametrizations whose redshift evolution is governed
by a single free parameter.

At the same time, DESI has provided some of the
strongest cosmological constraints on the sum of the
neutrino masses, ».m,. Assuming the physical prior
> m, > 0, the DESI DR2 analysis reports the follow-
ing 95% upper limits from the dataset combination DESI
DR2 BAO + CMB + PantheonPlus [70]:

> m, < 007046V (ACDM + Y m,), (1)
> my, <0.0653eV  (wCDM+ Y " m,), (2)
D my, <0.117eV (wowaCDM + > m,).  (3)

While these limits are consistent with the expectation
that neutrino masses must be bounded from below by
neutrino oscillation experiments, several recent cosmo-
logical analyses have pointed out an intriguing feature:
when the prior Y m, > 0 is relaxed, the posterior distri-
bution may peak at negative values of the neutrino mass
parameter [70-73].
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Although a negative neutrino mass is unphysical, a
posterior distribution that peaks at negative values may
arise as an effective phenomenological signal indicating a
mismatch between the assumed cosmological model and
the data. In the past, some work has alternately linked
a preference for > m, < 0 to parameter degeneracies,
residual tensions between different cosmological datasets,
or enhanced lensing or clustering amplitudes 74, 75]. Un-
derstanding the origin of this behaviour remains an open
problem in cosmology.

Interestingly, recent studies have shown that allowing
for DDE can alleviate the preference for negative neu-
trino masses. For instance, analyses adopting the wyw,
parametrization have found that the introduction of DE
dynamics can shift the posterior of Y m, toward posi-
tive values and relax the tension with neutrino oscilla-
tion bounds [74]. This raises an important question: is
the apparent resolution of the negative neutrino mass
preference simply a consequence of increased parameter
freedom in models with multiple DE parameters, or does
it point toward specific physical properties of the DE sec-
tor?

Addressing this question requires exploring minimal
extensions of ACDM in which DE dynamics are con-
trolled by a reduced number of parameters. From this
perspective, DDE parametrizations with a single addi-
tional parameter are particularly appealing. Besides pro-
viding a physically motivated description of DE evolu-
tion, such models avoid the excessive parameter free-
dom of multi-parameter frameworks and are less suscep-
tible to penalties from Bayesian model comparison. In
this work we investigate the behaviour of the total neu-
trino mass within a set of well-motivated one-parameter
DDE models. Specifically, we consider thawing mod-
els [76, 77|, generalized thawers [78], the mirage dark
energy model [79], and the generalized emergent dark
energy model [80, 81]. These parametrizations represent
distinct physical behaviours of the DE sector while main-
taining minimal parameter freedom. By analysing the
constraints on Y m, within these frameworks using a
combination of recent cosmological datasets, we aim to
determine whether the preference for negative neutrino
masses is purely a degeneracy effect associated with spe-
cific parametrizations, or whether it carries information
about the underlying physics of DE.

The article is structured as follows. In Section II we
briefly describe the cosmological equations for a gen-
eral DE model and introduce the one-parameter DDE
parametrizations considered in this work. In Section IIT
we present the observational datasets and the numerical
methodology adopted to constrain the models. In Sec-
tion IV we discuss the results obtained from the data
analysis. Finally, in Section V we summarize the main
conclusions of this study.

II. ONE PARAMETER DYNAMICAL DARK
ENERGY

Starting with the spatially flat Friedmann-Lemaitre-
Robertson-Walker (FLRW) line element and General
Relativity describing the universe’s gravitational sector,
the cosmic expansion rate is given by the Hubble param-
eter,

H? p
710 — Qmofl_3 + Qroa_4 + QV 0711
Hg " puo

1 1 !
+4e,0 €Xp (3/ w dal) (4)
a
a

where we have assumed that the fluids, namely pressure-
less matter (cold dark matter plus baryons), radiation,
neutrinos, and DE under consideration do not inter-
act (at the non-gravitational level) with each other.
In Eq. (4), Qmo, o, Qdeo, and £, are respec-
tively the density parameters of matter, radiation,
DE, and neutrinos at the present epoch, and €, re-
lates to the sum of the neutrino masses Y m, as
Quoh? = > m,/(93.14 eV), in which h = Hy/(100
km/s/Mpc). The function w(a) denotes the pressure-
to-energy-density, or EoS, ratio of DE.

We focus on one-parameter DE EoS models, since
DESI [2] already showed that positive neutrino mass
has reasonable support for the two-parameter wow, DE
model. To investigate the reason why the wow, cosmol-
ogy enables positive neutrino mass we consider: 1) Are
two parameters for the DE EoS a key element?, 2) Is
rapid evolution (e.g. large amplitude w,) at recent times
(z £ 0.5) key?, 3) Is lower DE density (i.e. w < —1) at
higher redshift (z 2 1) key?

To test these possibilities we use one-parameter DE
models with low-redshift rapid evolution and high-
redshift low energy density (mirage dark energy case),
DE with recent rapid evolution but not low density at
high redshift (generalized thawing cases), DE with low
density at high redshift but not rapid evolution recently
(GEDE case), and DE with a smaller amount of rapid
evolution recently and a smaller lowering of the energy
density at high redshift (conventional, sometimes called
calibrated, thawing case; also as a cross-check on one of
the generalized thawing cases). We emphasize that these
are not randomly chosen parametrizations, but each is
used to focus on a specific physical characteristic.

Thawing dark energy acts like a frozen scalar field,
hence a cosmological constant, in the matter-dominated
era and gradually moves away from w = —1 at later times
(e.g. when the steepness of the potential overcomes the
diminishing Hubble friction). A simple one-parameter
EoS that reproduces the observables (distance and Hub-
ble parameter) to ~ 0.1% for a wide class of thawers,
including potentials linear, quadratic, and quartic in the
field, and hilltop/PNGB (pseudo-Nambu Goldstone bo-
son) cases [76, 77], is

we = —1.58(1 + wo) . (5)



Generalized thawers can have a more rapid late-
time evolution than standard thawers. This has gained
interest with the DESI results, and as a way of exploring
whether a rapid evolution near the present could obvi-
ate the need for the EoS to cross w = —1 in the past.
While results show that it cannot (see, for example, the
model-independent reconstructions and Table 3 in [5]),
such models are of interest in testing how the rapid evo-
lution affects the neutrino mass constraint. The one-
parameter EoS for generalized thawers is [7§]

3 1-p/3
1+ 2a3> ' ()

1+w(a) = (14 wg)a® (

Note that w — —1 in the past, and deviates from it later
as @’ initially, the criterion for the thawing class, but
evolves away from w = —1 as a? at asymptotically late
times. The EoS always has w > —1, and the larger p is,
the later and more rapid is the deviation from w = —1;
see Figure 1.

Physically, a way to obtain this “supercharged” evolu-
tion is a hilltlop/PNGB field that starts very close to the
false maximum and has a very steep slope (see, for exam-
ple, [9]). In fact, this has two fine tunings: the symmetry-
breaking energy scale f for the PNGB model requires
f < Mp; (giving the steepness and hence late rapid evo-
lution), and further the initial condition on the field must
be exponentially close to the peak, ¢;/f ~ e~ Me/T [76],
to give w &~ —1 even as the DE density fraction becomes
appreciable, until the rapid evolution begins. Neverthe-
less, we use it to explore the consequences for neutrino
mass. We adopt either p = 1, which gives results ex-
tremely similar to the standard thawing case above, and
p =5 and p = 15 to quantify the effects of more rapid
evolution.

Mirage dark energy [79], given by

Wy = —3.66(1 + wp) , (7)

preserves the distance to last scattering of the CMB, and
DESI results show that it runs nearly along the main
uncertainty direction of the wyw, constraints from com-
bined observational data. Thus we expect it to provide
a good fit to the data here, and we can investigate the
effect of this EoS having one less degree of freedom on
the neutrino mass constraint.

Generalized emergent dark energy (GEDE) |80,
81] is a phenomenological model where dark energy rises
from a lower energy density than ACDM at high redshift
(w < —1) and transitions toward w = —1 at later times.
Its form is

w(a):—l—g (1—tanh {5 In (;‘)D . (8

where the transition scale factor is defined through
Pde(@e) = pm(ae), leaving the transition width § as
the single parameter. (Note that in [80, 81| they use
A=01n10 and 1+ z; = a_'.) At high redshift, a < a.,

w — —1 —2§/3, while for a > a., w — —1. For § > 0
the high-redshift dark energy density is suppressed com-
pared to ACDM, which is what we focus on. (Thus the
prior of A € [—3,10] used in some previous analyses here
becomes ¢ € [0,4.34].)

While w(a) gives the background evolution for the dark
energy, we also need to consider the density perturbation
of the DE fluid and its velocity divergence. We restrict
ourselves to the linear perturbation regime and consider
the perturbed FLRW line element in the synchronous
gauge given by ds? = a?(7) [ —dr? + (8i5 + hij)da'da? |,
where the scale factor a(7) is expressed in terms of the
conformal time 7, and d;; and h;; respectively refer to the
unperturbed and perturbed spatial parts of the metric
tensor. Now introducing d; = dp;/p; as the dimensionless
density perturbation for the fluid component ¢ and 6; as
the divergence of the i-th fluid velocity, one can find the
evolution equations of the above two quantities in Fourier
space as [82]:

/ X
0 = —(14w;) <9i + Z) —3H ((;,? - wi) 9;
oP; 0;
—9}2 (6;)» - c31i> (1 +wi)?, (9)

0P, /6pi
1+ w;

K2 6; — K20;,(10)

P;
o’ —’H,<1—36 )GH—
dp;

where the derivative of a variable with respect to the
conformal time 7 is denoted by a prime, H refers to
the conformal Hubble parameter, h (only here) corre-
sponds to the synchronous gauge metric perturbation, x
refers to the wavenumber in Fourier space, and o; is the
anisotropic stress of the i-th fluid, which in this article
we set 0; = 0. Moreover, in Egs. (9) and (10) 6P;/dp; is
the rest-frame square of the sound speed of the i-th fluid
and ¢ ; = w; — wj/[3H(1 + wy)] is the adiabatic sound
speed. During the statistical analysis ¢2 ;, has been set
to unity, as usually assumed for minimalfy coupled scalar
field models, and for the matter sector we set ¢, = 0.

III. OBSERVATIONAL DATA AND
METHODOLOGY

This section summarizes the observational datasets
and the numerical methodology used to constrain the
parameter space of the proposed DE scenarios. For the
one-parameter DE cosmologies we investigate two scenar-
ios: one where the sum of the neutrino masses Y m, ef
has been fixed to 0.06 eV, and the other where Y m, ef
is kept as a free parameter. We follow Appendix A of
[70] in treating ) m, g for negative values. This does
not affect the high-redshift effective number of neutrino
species Neg, which is fixed to 3.04.

In the first set where > m, s has been kept fixed, each
cosmological model contains seven free parameters,

9= {Qth,Qchz, 1006pc, 7, ns,log[l()loAs],wO} . (11)
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FIG. 1. Evolution of w(z) for the thawing, generalized

thawing models for three values of p, mirage, and gener-
alized emergent dark energy models. In this figure, we fix
wo = —0.8 for all dark energy models except the generalized
emergent dark energy model, for which we adopt § = 0.05. In
the generalized thawing model, the effect of the parameter p
on the steepness of the evolution is clearly visible. The hori-
zontal dotted line corresponds to w = —1.

while there are eight when >~ m, g is free to vary,

6, = {0, muer} -

In the GEDE case wyq is replaced by ¢. Apart from the
one DE parameter (wg or §) and the total neutrino mass
> My e, the remaining parameters are: physical baryon
density Qph2, physical cold dark matter density Q.h2,
angular scale of the sound horizon at recombination fyic,
optical depth to reionization 7, and the spectral index ng
and amplitude A of the primordial scalar perturbations.
The observational datasets used are:

(12)

e Cosmic Microwave Background Radiation:
Cosmic Microwave Background (CMB) data from
Planck 2018 [83, 84| have been used. Specifically,
we consider the CMB temperature and polarization
angular power spectra plikTTTEEE+lowl+lowE.
We shall label this dataset as CMB.

e Baryon Acoustic Oscillations (BAO) scale mea-
surements from the second data release (DR2) of
the DESI survey [2]|, providing cosmological dis-
tance constraints. In the following, we shall denote
the BAO dataset as DESI.

e Type Ia supernovae (SNIa) datasets from one
of four sources:

1. PantheonPlus
compilation [85];

spectroscopic  supernovae

2. Union3 spectroscopic supernovae compila-
tion analyzed with the UNITY1.5 Bayesian
hierarchical framework [86];

Parameter ‘ Prior
Quh? [0.005,0.1]
Qch? [0.001,0.99]

T [0.01,0.8]
ns [0.8,1.2]
log[10"° A4] | [1.61,3.91]
1000mc [0.5,10]
S My enr [~1.5,1.5]
wo [-3,1]
) [0,4.34]

TABLE I. Uniform priors used for the cosmological parame-
ters in the statistical analysis.

3. Union 3.1 compilation analyzed with the up-
dated UNITY1.8 framework [7, 87];

4. DES-Dovekie reanalysis of the photometri-
cally classified supernovae from the Dark En-
ergy Survey [6].

We constrained the parameter space given the data
through Markov Chain Monte Carlo (MCMC) analyses
using CLASS [88] and Cobaya [89]. The convergence of
the MCMC chains is tested using the Gelman-Rubin pa-
rameter R — 1 [90], and we take the results from each
chain when R — 1 < 0.02 is satisfied. In Table I, we list
the uniform priors on the cosmological parameters.

We also examine the statistical viability of the pro-
posed DE models through model comparison statis-
tics. One is the usual 2, statistic and the other uses
Bayesian evidence. We compute Ax?2. defined as,

AXZ i = X (Model) — x2,;, (Reference Model).

For the DE models with fixed neutrinos, our reference
model is chosen to be the usual ACDM model with fixed
neutrinos, while for the other set of models with free-to-
vary »  m, e, our reference model is ACDM+)" m, 5.
If Ax2;, <0, the model may be preferred over the refer-
ence model, and Ay?. > 0 indicates that the reference
model is favored.

Turning to the Bayesian analysis, we compute the ev-
idence for a model M; with parameter vector © as B; =
| L(D|®, M;) m(8|M;) dO, where L is the likelihood of
the data D and 7 denotes the prior used in the analysis.
Model comparison is performed using the Bayes factor
computed for two models ¢ and j, B;; = B;/B;. Usually
the relative log-evidence, defined as In B;; = In B; —1In B},
is computed for this purpose. Here i corresponds to the
proposed model and j stands for the reference model
ACDM. Positive values of In B;; indicate that the model
is favored over the reference model, while negative val-
ues of In B;; indicate the reverse (i.e. the reference model
is favored over the model). Following the revised Jef-
freys’ scale [91], the evidence is classified as inconclusive



(0 < InB;; < 1), weak (1 < InB;; < 2.5), moderate
(2.5 < InB;; < 5), strong (5 < InB;; < 10), and very
strong (InB;; > 10). We use MCEvidence [92, 93] for
computing In B;;. Note that for the DE models with fixed
neutrinos, our reference model is chosen to be the usual
ACDM model with fixed neutrinos, while for the other
set of models with free-to-vary ) m, s, our reference
model is ACDM+>"my, -

Note that our values for x? and the evidence will not
agree exactly with those in, e.g., [5], since we use dif-
ferent CMB data (and possibly hyperparameter settings
etc.). However, the differences should not be large and
the ordering of preferred models should not be affected.

IV. RESULTS

We investigate the parameter constraints and good-
ness of fit for various dataset combinations for each of
the one-parameter dark energy models. For the six one-
parameter DDE parametrizations considered in this ar-
ticle, the inferred neutrino mass constraints span a wide
range of behaviours. While for the thawing model and
the generalized thawing models, posterior distributions
are shifted toward unphysical negative neutrino masses,
mirage and GEDE models significantly affect the con-
straints leading to Y. mST > 0. As we will illustrate be-
low, these differences are mainly influenced by the nature
of the dark energy equation of state. In particular, mod-
els with a lower dark energy density at high redshift shift
the neutrino mass posterior toward the physical region,
while crossing w = —1 provides a better overall fit to the
observational data. In Tables II, ITI, IV, V, VI, and VII
we present the cosmological constraints, and in Figs. 2, 3,
and 4 we show the 2D contours for the neutrino mass and
the DE EoS, since our focus is to understand the inter-
play between dynamical dark energy and the positivity
(or lack thereof) of the neutrino mass.

A. Physical Interpretation

Before examining the detailed results for the individual
models, let us summarize the general results regarding
neutrino mass from a physics perspective.

The thawing cases, whether the calibrated model or the
generalized ones, do not succeed in allowing a substantial
fraction of the neutrino mass posterior to be positive.
Thus, rapid evolution at low redshift does not appear
to be a key factor in why wow,CDM enables positive
neutrino mass.

The mirage case, despite being a one-parameter model,
has all three properties exhibited by wow,: recent rapid
evolution, crossing of w = —1, and low dark energy den-
sity at high redshift. Mirage dark energy does enable
positive neutrino mass, but with a single parameter, in-
dicating that parameter space degeneracy is not a major
factor.

GEDE does not have recent rapid evolution or crossing
of w = —1, but it does have low dark energy density at
high redshift. It partly succeeds in moving the neutrino
mass posterior toward positive values, but is limited by
its restriction not to cross w = —1 (which also gives a
poorer fit to the full data combination). When we al-
low higher ¢ (and hence at high redshift w further below
—1 and thus lower dark energy density), then the neu-
trino mass is shifted more toward positive values (but the
overall fit becomes poorer).

The positivity — or lack of it — for each case is sum-
marized in Figure 2, where we see that only the mi-
rage model has substantial overlap with positive neu-
trino mass, while GEDE has a slight tendency in that
direction. For easy comparison, Figure 3 brings together
the five models with wg > —1, showing that mirage
dark energy is most consistent with positive neutrino
mass. (For a clearer figure we show only the combination
CMB-+DESI+DES-Dovekie, but we saw in Figure 2 that
all the SN datasets give similar results.) In Figure 4 we
see the GEDE model (plotted vs  rather than wy), with
its modest overlap with positive neutrino mass.

Thus the key elements appear to be lower dark energy
density at high redshift to allow positive neutrino mass,
and crossing of w = —1 to provide a good fit to the ar-
ray of cosmological observations. We discuss this further
in Section V after analyzing the individual dark energy
models below.

B. Thawing

Table IT summarizes the constraints on thawing DE at
68% and 95% CL. The upper half of the table corresponds
to the constraints for a fixed ) m, e, and the lower half
of the table corresponds to the free-to-vary > m, e case.

In the case with fixed neutrino mass (upper half of Ta-
ble II), CMB-only data prefer a mild phantom thawer
at slightly more than 1o, however, within the 20 re-
gion wy > —1 is allowed. This preference is driven by
the well-known geometrical degeneracy present in CMB-
only analyses, which allows variations in the late-time
expansion history to compensate for changes in other
cosmological parameters. Once additional low-redshift
datasets are included, this degeneracy is broken. For
CMB-+DESI, either phantom or normal thawers are es-
sentially equally allowed, as is A. Once CMB and DESI
are combined with any of the SN data compilations, the
thawer lies in the quintessence regime at the ~ 95%
CL. According to the model comparison statistics, there
is no strong preference for the calibrated thawer over
ACDM. Although Ax2. < 0 (except for CMB-+DESI
in which Ax2, = 1.1, thereby preferring the ACDM
model), it is only mildly negative, especially consider-
ing there is one extra parameter. From Bayesian evi-
dence analysis, we find that In B;; > 0 only for CMB and
CMB-+DESI+Union3. However, any such preference is
inconclusive or weak.



In the case with neutrino mass free, we notice that
only CMB alone prefers wg being in the phantom regime
(wg < —1 at somewhat more than 1o), while other com-
bined datasets favor a quintessential thawer and point to
a possible deviation from w = —1 (CMB-+DESI yields
wg > —1 at 1o). In particular, this preference is stronger
(at = 20) when all three datasets, namely CMB, DESI,
and SN Ta, are combined together. Concerning the to-
tal neutrino mass we find that > m, s < 0 at ~ 20 for
all combined datasets; only for CMB alone is this weak-
ened to =~ lo. According to the statistical comparisons,
A2, always prefers this thawing DE model to ACDM
across all the datasets. For the Bayesian analysis, except
for CMB+DESI (In B;; = —1.0), all other datasets also
prefer this model, if somewhat mildly.

C. Generalized Thawers

Tables IIT (p = 1), IV (p = 5), V (p = 15) summarize
the constraints on the generalized thawing DE models at
68% and 95% CL. The upper half of each table corre-
sponds to the constraints for a fixed > m, o, while the
lower half of the table corresponds to the free-to-vary
> My case.

We begin with the first generalized thawing DE model
(p = 1), with results in Table III. As expected [77], the
p = 1 algebraic thawer gives results virtually identical to
the usual (calibrated) thawer of the previous subsection,
as both excellently match standard thawing scalar fields.
This holds for both the fixed and varying neutrino mass
cases, and for all data combinations, providing a useful
cross-check of the code.

For the two scenarios with p = 5 and p = 15, the prob-
ability contours exhibit an approximately 20 shift toward
negative neutrino mass values. As p increases, the mean
value of wy increases as well, since the steeper evolution
means w(z) departs from —1 only at lower and lower
redshift, and in compensation wq rises to better fit the
data. Indeed, higher p improves the fit to observations
(except for CMB alone). Some of the CMB+DESI+SN
data combinations reach Ax? < —8 and the Bayesian
evidence achieves the moderate preference regime. Thus
high-p generalized thawers can provide good fits to survey
observations, but still have the issue that Y m, g < 0
at ~ 95% CL (and the fine tuning issues discussed in
Sec. 1II).

D. Mirage

Table VI summarizes the constraints on mirage DE
at 68% and 95% CL. Again, the upper half of the table
corresponds to the constraints for a fixed > m, o, and
the lower half of the table corresponds to the free-to-vary
> my.en case. Mirage DE gives results different from the
other cases, as clearly evident from Figure 2.

Now, roughly half of the neutrino mass posterior lies
at positive values. Furthermore, both Ax2. and the
Bayesian evidence analysis support this scenario over
ACDM, at least at a modest level. Given that positive
neutrino mass is consistent with the results, one could
decide to fix )" m, eq = 0.06 ¢V as is done in many stan-
dard analyses. In that case, the fit reaches Ax? ~ —11
and In B;; ~ 4.

E. GEDE

In GEDE, any deviation from § = 0 indicates a de-
viation from w = —1, with § > 0 giving w(z) < —1 at
all redshifts. This decreases the dark energy density at
higher redshift for the same current density. In Table VII
we summarize the constraints on this scenario (consider-
ing both versions: one with a fixed total neutrino mass
and the other with a free-to-vary total neutrino mass).

For none of the cases or data combinations (except
CMB alone) is any significant evidence for 6 # 0 found.
Hence there is no real distinction from ACDM and no
preference (and some penalty) in model comparison from
either Ax? or Bayesian evidence. This is not surprising
since GEDE does not cross w = —1, and so the best the
data can do is push it as close to —1 as reasonable.

However, the behavior of neutrino mass offers a clue.
While the neutrino mass posterior still prefers negative
values, this is now only at the ~ 1o level. Figure 4 makes
this clearer. As J increases, lowering the high-redshift DE
equation of state and thus the high-redshift DE density,
there is room for positive neutrino mass to contribute
to the cosmic expansion at redshifts z > 1, as the data
prefer. This is more evident in the CMB-+DESI contour,
before the SN data pull back in the direction of less neg-
ative w(z) at lower redshift, forcing ¢ toward 0.

So while GEDE is not a cosmological model preferred
over ACDM, it does teach a valuable lesson regarding the
physical characteristic allowing positive neutrino mass to
be more prevalent in the posterior.

V. SUMMARY AND CONCLUSIONS

Two unexpected properties of recent cosmological data
are that they prefer the dark energy equation of state
crossing w = —1 and, in certain models, they prefer the
sum of neutrino masses to be negative, > my g < 0.
The wow, cosmology does alleviate the negative neutrino



0.2 Thawing Mirage GEDE
0.0
=
15
s
g
IN-02 ]
Emm CMB+DESI+PantheonPlus Emm CMB+DESI+PantheonPlus Emm CMB+DESI+PantheonPlus
-0.4 s CMB+DESI+Union3 Bm CMB+DESI+Union3 q mm CMB+DESI+Union3
Emm CMB+DESI+DES-Dovekie Emm CMB+DESI+DES-Dovekie Emm CMB+DESI+DES-Dovekie
s CMB+DESI+Union3.1 m CMB+DESI+Union3.1 mm CMB+DESI+Union3.1
-1.0 -0.9 -0.8 -0.7 -1.0 -0.8 -0.6 -0.4 0.00 0.05 0.10 0.15 0.20
Wo Wo &
0.2 Generalized Thawer (p=1) Generalized Thawer (p=5) 1 Generalized Thawer (p=15)
0.0 1 4 S
IS
[
s
g
IN-02 ]
Emm CMB+DESI+PantheonPlus Emm CMB+DESI+PantheonPlus Emm CMB+DESI+PantheonPlus
-0.4 s CMB+DESI+Union3 s CMB+DESI+Union3 4 s CMB+DESI+Union3
EEm CMB+DESI+DES-Dovekie EEm CMB+DESI+DES-Dovekie EEm CMB+DESI+DES-Dovekie
mm CMB+DESI+Union3.1 mmm CMB+DESI+Union3.1 mm CMB+DESI+Union3.1
.0

-1 -0.9 -0.8 -0.7

Wo

Wo

-1.0 -0.8 -0.6 -0.4 -1.0 -0.5 0.0

Wo
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neutrino mass fixed, while the lower half of the table corresponds to the scenario including neutrino mass as a free parameter.
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TABLE IV. As Table III, but for p = 5 generalized thawing dark energy.

mass issue, and one question is identifying which proper- row down the conditions enabling positive neutrino mass.

ties lead to this. To restrict the possibility that param-
eter space degeneracy is a main factor, we consider only
single-parameter dark energy equations of state. Each
one has a particular physical characteristic to help nar-

Generalized thawing models by construction never
cross w = —1, and focus on the rapid evolution of the
dark energy equation of state at z < 0.5. They can
closely mimic scalar field models ranging from the thaw-
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TABLE V. As Table III, but for p = 15 generalized thawing dark energy.
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TABLE VI. Summary of the observational constraints on various free and derived cosmological parameters of mirage dark
energy at 68% and 95% CL using several observational datasets. The upper half of the table corresponds to the scenario with
neutrino mass fixed, while the lower half of the table corresponds to the scenario including neutrino mass as a free parameter.

generalized thawers. Finally, the mirage model strongly
crosses w = —1 and has reduced dark energy density
at high redshift, acting very much like the best-fit wow,
cosmology but with only one free parameter.

ing class to PNGB or hilltop models. GEDE also never
crosses w = —1 but remains phantom, and so has reduced
dark energy density (relative to ACDM) at z 2 1. The
calibrated thawing model (w, = —1.58(1 4+ wp)) math-
ematically crosses w = —1 but gives observables virtu-

ally identical to scalar field thawers, and hence to p = 1 Our results show that the key dark energy property for

enabling positive neutrino mass is the reduction of dark
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TABLE VII. Summary of the observational constraints on various free and derived cosmological parameters of GEDE, at

68% and 95% CL using several observational datasets. When § is not well constrained, we quote its upper limits at 68% and
95% CL. The upper half of the table corresponds to the scenario with neutrino mass fixed, while the lower half of the table
corresponds to the scenario including neutrino mass as a free parameter.
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FIG. 3. 68% and 95% CL constraints on Y my g and wq for
each of the one-parameter dynamical DE models considering
the combined dataset CMB-+DESI+DES-Dovekie.

energy density at z = 1. Both the mirage and GEDE
cases exhibit this, while none of the others do. That
the one-parameter mirage dark energy works as well as
wow, indicates that opening the neutrino mass posterior
to positive values is not due to an overly large parame-
ter space. We also see that neither crossing w = —1 per
se nor rapid low-redshift evolution is the cause. Physi-
cally, the reduced dark energy density at z = 1 due to
the (actual) phantom nature there lowers the expansion

GEDE

-0.4
HEm CMB+DESI
I CMB+DESI+DES-Dovekie
0.0 0.1 0.2 0.3 0.4

6

FIG. 4. 68% and 95% CL constraints on Y. m,a and
§ for the GEDE model considering the combined dataset
CMB+DESI+DES-Dovekie, and CMB+DESI.

rate H(z 2 1) and thus provides room for positive neu-
trino mass. A non-phantom behavior at z 2 1 leaves no
space for positive neutrino mass, pushing the posterior
toward negative values despite the physical properties of
neutrinos.

That said, phantom dark energy that does not cross
w = —1, such as GEDE, does not provide as good a fit
to the data (in terms of Ax? or evidence) as dark en-
ergy that does cross w = —1 (such as mirage, or wows).



Positive neutrino mass therefore appears to carry with it
the requirement for a phantom crossing to fit current cos-
mological data as well. Note that all these conclusions
are qualitatively unchanged regardless of which super-
nova compilation is included, or even when considering
only DESI+CMB without supernovae.
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