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(Dated: June 30, 2026)

We investigate a dark energy scenario generated by neutrino interactions mediated by a light
scalar field, in which finite-temperature corrections induce an effective neutrino mass that evolves
with the thermal history of the Universe. Within the framework of Unimodular Gravity, these
interactions give rise to a non-conservation current, leading to dynamical dark energy. We study
one- and two-neutrino realizations of the model. In the one-neutrino case, the dark energy density
evolves monotonically, whereas in the two-neutrino scenario it can reach a maximum at intermediate
redshifts before decreasing at late times. Using late time cosmological datasets, we constrain the
effective interaction strength for lightest-neutrino masses in the range 0.05meV ≤ m1 ≤ 1meV.
We find preferred interaction scales of order Gs ∼ 1012 eV−2 with a significance of 2σ, with the
inferred coupling decreasing as the assumed neutrino mass increases. Assuming neutrino couplings
of order unity, this Gs value corresponds to an ultralight mediator with mass mϕ ∼ 10−6 eV.
We further assess the impact of Planck distance-prior, finding a noticeable reduction in parameter
degeneracies and a reconstructed dark energy evolution closer to that of a cosmological constant.
Our results show that neutrino interactions can generate both monotonic and non-monotonic dark
energy evolutions while remaining compatible with current cosmological observations. The inferred
interaction strengths remain consistent with non-zero values for part of the explored neutrino-mass
range, supporting neutrino-induced dark energy dynamics as a viable phenomenological extension
of ΛCDM at the background level.
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I. INTRODUCTION

The recent cosmological analysis made by the DESI
collaboration implies the possibility that dark energy
may be an evolving function, instead of the constant Λ.
This evidence comes from the joint analysis of the newest
BAO DESI dataset [1, 2], in combination with Planck
CMB [3] and supernovae type Ia (SNe) data, including
Pantheon+ [4, 5], Union3 [6], and DES year 5 (DESY5)
[7]. This possibility was also backed by other DESI dark
energy analyses [8–10] and the DESI BAO+fullshape
analysis [11], among other results from outside the DESI
collaboration, although a debate on this issue is still on-
going. These results indicate that, although the best-fit
parameter inference is consistent with the ΛCDM model,
the datasets favor an evolving behavior that could be
compatible with the w0wa (CPL) dark energy parame-
terization or with other more complex functions [8–10].
On the other hand, the aforementioned analyses also

appear to favor an evolving dark energy component when
the sum of neutrino masses (Σmν) is treated as a free pa-
rameter. Within ΛCDM, the best fitted value for Σmν
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results in a close-to-zero value, Σmν < 0.0642 eV (95%
C.L.) [2], compromising the known outcome of ground-
based neutrino mass experiments in which Σmν > 0.059
eV for normal mass ordering and Σmν > 0.1 eV for in-
verted mass ordering [12]; more recent results from SPT-
3G D1+DESI and CMB-SPA+DESI combinations ap-
pear to rule out the normal and inverted hierarchies at
97.9% and 99.9% confidence, respectively [13]. Related
to these results, the posterior probability in the ΛCDM
model peaks in the region of negative Σmν , indicating
a tension between the preferred cosmological fit and the
physical requirement of positive neutrino masses. The
w0waCDMmodel, in contrast, seems to alleviate this ten-
sion, but it depends on the datasets considered. For in-
stance, when SNe data are included in the analysis again
a negative mass is favored [14]. The inclusion of cur-
vature again does not solve the problem [15]; the only
means to solve this tension appears to be increasing the
reionization optical depth parameter τ [16], but to values
that are not compatible with the low-ℓ CMB results.

From the particle physics perspective, neutrinos
present several open questions, including oscillation
anomalies in the terrestrial experiments LSND and Mini-
BooNE [17–19]. Neutrino nonstandard interactions offer
a possible resolution to these anomalies and, in turn,
carry important cosmological implications. Numerous
works have studied the cosmological consequences of such
interactions [20–42]; they found, among other effects,
that the interactions can relax the cosmological bounds
to the neutrino masses discussed previously [33–40] and
offer some of the most promising avenues to reduce the
Hubble tension [20–29]. The mass of the interaction me-
diator largely determines the effects of the interaction in
the evolution of the neutrinos in the Universe. In particu-
lar, for light scalar mediators the interaction effects grow
stronger at later times [43–45], suppressing neutrino free
streaming. This regime also induces an effective mass
for neutrinos, which has been studied in high density en-
vironments, such as the early Universe [46] or the cores
of stars [47, 48],as well as in high-energy astrophysical
neutrino propagation [49].

Due to the above issues, the question of the correct-
ness of the dark energy model and the neutrino mass
constraints are very relevant research topics in cosmol-
ogy today. For this reason we consider an alternative
dark energy model that in turn is related to the origin
of the neutrino mass. To relate both phenomena, we will
work in the framework of Unimodular Gravity [50–52], a
modification of the theory of General Relativity where
the vacuum energy has an associated current density
that appears from the non-conservation of the energy-
momentum tensor. Different approaches within Unimod-
ular Gravity have been proposed to explain the origin
and dynamics of dark energy. These include scenarios
in which energy-momentum non-conservation arises from
microscopic quantum effects [53–55], as well as effective
cosmological models based on diffusion-like energy ex-
change between matter and dark energy sectors [56–58].

In contrast, the mechanism considered here is driven by
non-standard neutrino–scalar interactions, which trans-
fer energy to an effective dynamical dark energy compo-
nent.
This work is organized as follows. In Section II, we

describe our neutrino mass model, the origin of the dark
energy model within Unimodular Gravity, and the phys-
ical assumptions adopted. In Section III, we present the
datasets used for the Bayesian inference and the corre-
sponding results for the one-neutrino and two-neutrino
dark energy models. Finally, in Sections IV and V, we
discuss our findings and summarize our conclusions.

II. FOUNDATIONS OF THE MODEL

A. Neutrino mass model

The basic idea underlying our model is that dark
energy emerges from non standard interactions among
the relic neutrinos in the late Universe, mediated by
a light scalar field (mϕ < O(eV)). Such interactions
induce finite-temperature corrections to the neutrino
mass through forward-scattering processes in the cosmic
medium. Physically, this mechanism can be interpreted
as a modification of the neutrino dispersion relation in a
thermal bath, analogous to medium-induced self-energy
effects in finite-temperature field theory [59, 60].
Within this scenario, neutrinos propagate in an envi-

ronment where their effective mass receives contributions
from both neutrino self-interactions and interactions with
other neutrino species mediated by a scalar field ϕ. These
corrections depend explicitly on the temperature and
the phase-space distribution of the background particles,
leading to a dynamical mass that evolves with the ex-
pansion of the Universe. As a consequence, the neutrino
sector becomes sensitive to the thermal history, and its
backreaction can effectively source a time dependent dark
energy component.
In this work we will assume that the coupling is diag-

onal in the mass basis, with a strength gi dependent on
the mass eigenstate i. To leading order in the couplings,
the effective neutrino mass associated with the eigenstate
j is given by [46, 48]:

meff,j = mj +

3∑
i=1

Gs,ij ∆m(mi, T ) , (1)

where mj denotes the vacuum mass of the j-th neutrino
species. The effective couplings

Gs,ij =
gigj
m2

ϕ

, (2)

determine the strength of the interaction. We emphasize
that, throughout this paper, commas appearing in sub-
scripts serve only as label separators and do not denote
partial differentiation.



3

The quantity ∆m(mi, Tν) in Eq. (1) is the thermal
scalar density ⟨ν̄iνi⟩ of the bath species i, including the
contributions of neutrinos and antineutrinos:

∆m(mi, T ) =
mi

π2

∫ ∞

0

dp
p2√

p2 +m2
i

fi (p, T ) , (3)

where p denotes the particle momentum and fi its dis-
tribution function. Since neutrinos decouple in the early
Universe, their distribution preserves the massless Fermi-
Dirac form

fi(p, Tν) =
1

ep/Tν + 1
, (4)

which is valid even when the neutrinos become non-
relativistic. The neutrino temperature evolves as Tν(a) =
Tν,0/a, with Tν,0 = (4/11)1/3 Tγ,0 ≈ 1.68× 10−4eV. ∆m
inherits its time dependence directly from Tν(a).
We are interested in linking the neutrino mass evolu-

tion to the dark energy of the Universe. The epoch of
interest in the dynamics of the dark energy corresponds
to the recent Universe, namely for z ≲ 2. In the fol-
lowing sections we will see that species that are deep in
the non-relativistic regime have a negligible effect on the
dark energy dynamics. We therefore concentrate on the
two lightest mass eigenstates: the lightest, which may
be relativistic today and the second lightest which be-
came non-relativistic at z ∼ O(10). This also explains
why we ignore contributions from the thermal baths of
the charged leptons in (1) which are much heavier, in
contrast to Ref. [46].

B. Origin of the Λ-term in the Einstein Equations

In standard General Relativity, the cosmological con-
stant is introduced as an independent parameter. In the
present framework, however, we investigate the possibil-
ity that an effective dark energy component may arise
from the energy transferred through the neutrino inter-
actions described above. To implement this scenario, we
adopt a framework in which the energy–momentum ten-
sor is not strictly covariantly conserved.

Specifically, we employ the Unimodular Gravity (UG)
theory [50, 52], which is not invariant under general dif-
feomorphisms, but volume-preserving transformations.
This in turn can be interpreted as the partial violation of
energy-momentum conservation, provided they are inte-
grable, dJ = 0, for a current to be specified. In our case,
this current will be given by neutrino interactions.

The field equations of Unimodular gravity are:

Rµν − 1

4
Rgµν = 8πG

(
Tµν − 1

4
T gµν

)
, (5)

where the right-hand side term is the trace-free energy
momentum contribution. This equation can be rear-
ranged as:

Rµν − 1

2
Rgµν + Λgµν = 8πGTµν , (6)

that looks like the General Relativistic field equation, but
now [54]:

Λ(xµ) = Λ0 +8πG

∫
∇νTµνdx

′µ = Λ0 +

∫
Jµdx

′µ , (7)

where Λ0 is a constant of integration and the conserved
current is given by Jµ = 8πG∇νTµν . This current can
evolve depending on physical processes that locally vio-
late energy-momentum conservation [53, 54]. As a conse-
quence, the term that plays the role of the cosmological
constant in Eq. (7) becomes an effective quantity that
can vary in space and time.

C. Neutrino current

To derive an expression for the current Jµ and sub-
sequently evaluate the integral leading to Λ in Eq. (7),
we consider the energy–momentum tensor of a fermionic
species i. In kinetic theory, it can be written as [61]

Tµν = − gd
(2π)3

∫
pµpν f(p)

d3p

p0
, (8)

where f(p) is given by Eq. (4), and gd denotes the num-
ber of internal degrees of freedom of the species. By in-
voking the cosmological principle and assuming a purely
temporal force Fµ = ṗµ, only the time component of the
modified conservation equation remains relevant, while
the spatial components vanish due to homogeneity and
isotropy, the expression can be written as [62]:

∇νTµν = − gd
(2π)3

∇ν

∫
pµpνf(p)

d3p

p0
. (9)

Starting from (9) the spacetime derivative can be inter-
changed with the momentum integral, since the space-
time dependence is contained in the distribution function
(f(x, p)), one obtains

∇νTµν = − gd
(2π)3

∫
pµpν∇νf

d3p

p0
. (10)

Using the Boltzmann equation,

pν∇νf + Fν
∂f

∂pν
= 0, (11)

the spacetime derivative of the distribution function can
be rewritten in terms of a momentum-space derivative,
yielding

∇νTµν =
gd

(2π)3

∫
pµFα

∂f

∂pα

d3p

p0
. (12)

The latter expression is integrated by parts in momentum
space. Assuming that the boundary term vanishes, one
finds ∫

pµFα
∂f

∂pα

d3p

p0
= −

∫
f
∂ (pµFα)

∂pα

d3p

p0
. (13)
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Substituting this result into the previous equation and
performing the angular integration, (d3p = 4πp2dp),
leads to

Jµ = ∇νTµν = − 4πgd
(2π)3

∫ ∞

0

mp2Fµf(p)
dp

p0
, (14)

which will be used in the subsequent analysis.
A particle whose mass varies along its trajectory ex-

periences an effective four-force associated with the rate
of change of its mass. Following this interpretation, we
model the force acting on the fluid associated with the
neutrino eigenstate i as

Fi,µ = −ṁeff,iui,µ , (15)

where uµ is the fluid four-velocity. Since the neutrino
fluid is homogeneous and at rest in the cosmological (co-
moving) frame, its four-velocity has only a time compo-
nent. The force in Eq. (15) is then purely timelike and
represents the energy exchange induced by the evolution
of the effective neutrino mass.

Summing the forces over all the neutrino eigenstates,
the 00-component of Eq. (9) becomes:

J0 = − 4πgd
(2π)3

∫ ∞

0

3∑
i=1

ṁeff,i(T )p
2f(p)dp . (16)

Each of the fluid eigenstates receives contributions from
the other thermal baths, exchanging the order of sum-
mation, ∑

i

ṁeff,i =
∑
i

∑
j

Gs,ij ∆̇m(mj , Tν) (17)

=
∑
j

Gsj ∆̇m(mj , Tν), (18)

where the effective coupling of bath eigenstate j is ob-
tained by summing over the sourced species i,

Gsj ≡
∑
i

Gs,ij =
gj
∑

i gi
m2

ϕ

. (19)

The sum (18) can be factored out of the momentum
integral in (16) despite the implicit dependence of ∆m as
an integral of the momentum in Eq. (3). This happens
because the integral in ∆m is carried over the momenta
of the background bath, while the integral in Eq. (16)
runs over the momenta of the fluid eigenstate i and yields
its number density.

We can compute the integral over the momentum in
Eq. (16) analytically as:∫ ∞

0

p2f(p)dp =
3ζ(3)

2
T 3 . (20)

Evaluating J0 = 8πG∇0T00 with Eqs. (1), (3), (16), and

(20) we obtain:

J0 = −(8πG)

3∑
j=1

3ζ(3)gdGsjmj

4π4

×
∫ ∞

0

Tνe
p/Tνp3Ṫνdp√

p2 +m2
j (e

p/Tν + 1)2
, (21)

where we used the fact that ṁeff,j = (dmeff,j/dTν)Ṫν .
The integral runs over the momenta and we will evaluate
it numerically to obtain the evolution of the dark energy
in the next section.

D. Dark Energy from neutrino interactions

To fully specify the dark energy model, the momentum
integral appearing in the neutrino distribution function
must be supplemented by the time integration entering
Eq. (7). For the 00 component, Eq. (7) becomes:

Λ(t) = Λ0 +

∫ t

t0

J0 dt
′. (22)

Using Eq. (21) and changing the integration variable
from cosmic time to the neutrino temperature, dt =
dTν/Ṫν , and the definition ρΛ = Λ

8πG :

ρΛ(Tν) = ρΛ(Tν,0)−
3ζ(3) gd

4π4

3∑
j=1

Gsj mj

∫ Tν

T0,ν

[
dT ′

ν T
′
ν

×
∫ ∞

0

ep/T
′
ν p3 dp√

p2 +m2
j

(
ep/T

′
ν + 1

)2
]
,

(23)

where

ρΛ,0 ≡ ρΛ(Tν,0) =
Λ0

8πG
, (24)

is an integration constant corresponding to the dark en-
ergy density evaluated at the reference neutrino temper-
ature (Tν,0). Throughout this work, we identify (Tν,0)
with the present-day neutrino temperature, (Tν(z = 0)).
The sum runs over the three neutrino mass eigenstates,
(i=1,2,3). The condition (Tf,ν > T0,ν) indicates that the
integration extends from the present epoch (z = 0) to
earlier times characterized by higher neutrino tempera-
tures and larger redshifts. Since the integral contribution
in Eq. (23) grows monotonically with (Tf,ν), sufficiently
large values of the upper integration limit would eventu-
ally drive (ρΛ) to negative values. To ensure a positive
dark energy density, we assume that the neutrino–scalar
interaction is effective only up to a characteristic temper-
ature (Tν,H). Above this temperature the interaction is
assumed to switch off, and therefore no further contribu-
tion to (ρΛ) is generated.
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To gain insight into the evolution of ρΛ, we com-
pute the integrals in (23) at the ultrarelativistic and
non-relativistic level. The definite integral appearing in
Eq. (23) is evaluated with respect to a reference temper-
ature. As a result, the dependence on the integration
limits (Tν,0) and (Tν) is absorbed into the correspond-
ing integration constants. Consequently, the quantities
(ρΛ(Tt)) and (ρΛ(Tν,0)) appearing in the ultra-relativistic
and non-relativistic solutions, respectively, represent the
value of the dark energy density at the chosen reference
temperature.

For neutrinos in their ultra-relativistic regime (T =
Tν ≫ mj) ρΛ evolves as:

ρΛUR
(T ) = ρΛ(Tt)−

3 ζ(3) gd
4π4

∑
j

Gsjmj

×

[
ln(2)mj

4

(
T 4 − T 4

t

)
+

π2

30

(
T 5 − T 5

t

) ]
.

(25)

where Tt is some reference temperature.
On the other hand, for neutrinos in their non-

relativistic regime (T = Tν ≪ mj) Eq. (23) becomes:

ρΛNR
(T ) = ρΛ(T ) +

gd
(2π)4

∑
j

Gsjm
3
j

×
[
T 3e−2mj/T − T 3

ν,0e
−2mj/Tν,0

]
. (26)

where Tν,0 is the present-day neutrino temperature. The
quantity ρΛ(Tν,0) corresponds to the integration constant
fixed by the value of Eq. (23) at the present epoch. There-
fore, in the limit Tν,L → 0, the temperature-dependent
contribution is exponentially suppressed and the dark en-
ergy density tends to the constant value ρΛ(Tν,0).
The time (temperature) dependence of ρΛ decays

rapidly for fluids in the non-relativistic regime. For dif-
ferent neutrino species, the ones in the non-relativistic
limit therefore stop contributing to the evolution of the
dark energy. If we are interested in modeling an evolving
dark energy, we need to focus only on neutrinos in the
relativistic limit or that have recently transitioned to the
non-relativistic regime. In the physical scenarios consid-
ered below, the dark energy evolution is driven mainly by
the relativistic to non-relativistic transition of the light-
est neutrino species, occurring around Tν ∼ m1. At this
stage, the neutrino distribution departs from its ultra
relativistic behavior and the interaction-induced contri-
bution to ρΛ evolves most efficiently, giving rise to the
dynamical dark energy behavior explored in this work.

E. Neutrino mass and models of dark energy
density

We analyze two cases: first, considering a coupling only
to the lightest eigenstate, m1; and second, considering

couplings to the two lightest eigenstates, m1 and m2. In
the first case the neutrino mass ordering plays no role in
the interacting sector; in the second case, however, we
want the second-lightest eigenstate to be as light as pos-
sible, so that it remains close to the relativistic regime
until recent times. We therefore adopt the normal mass
ordering in this work. In this ordering the mass of the
second-lightest neutrino is bounded from below by the so-
lar neutrino experiments, m2 ≥

√
∆m2

21 ≈ 8.7×10−3 eV,
whereas in the inverted ordering it would lie at the at-
mospheric neutrino constraint, ∼ 5×10−2 eV, and would
have become non-relativistic earlier. In this case, once
the mass of the lightest neutrino eigenstate, m1, is spec-
ified, the masses of the remaining eigenstates are deter-
mined through

m2 =
√

∆m2
21 +m2

1 , (27)

m3 =
√

∆m2
31 +m2

1 , (28)

where ∆m2
21 = 7.49 × 10−5eV2 and ∆m2

31 = 2.48 ×
10−3eV2 [63–67].

We will determine the range of the lightest neutrino
mass m1 motivated by the epoch at which the neu-
trino transitions from the ultra-relativistic to the non-
relativistic regime, which is the regime of primary in-
terest in our model. This transition occurs when m1 =
⟨p⟩ ≈ 3.15Tν(z), so that only masses above 3.15Tν,0 ≈
5.3×10−4 eV have become non-relativistic by the present
epoch. We therefore consider representative values in the
interval 5× 10−5 eV ≤ m1 ≤ 10−3 eV: the lightest cases
remain relativistic today, while the heaviest become non-
relativistic in the recent past, at z ≲ 0.9.

Cosmological observations constrain the total neutrino
mass and therefore indirectly restrict the lightest mass
eigenstate. The interval adopted here lies well below
current cosmological bounds on the lightest eigenstate
m1 < 0.02 eV (95% C.L.) obtained DESI dataset [14, 68].
We note that this bound is derived under standard cos-
mological assumptions and relaxes considerably in dy-
namical dark energy models such as the one considered
here.

Since the dynamical dark energy component in our
model is driven by the evolution of the neutrino thermal
correction across this transition, this interval allows us
to explore the regime where observable departures from
ΛCDM may arise. Interestingly, recent DESI analyses
[1, 2, 10] indicate a preference for an evolving dark en-
ergy at low redshift, with a maximum density around
z ∼ 0.6, which lies within the redshift range covered by
the neutrino masses considered here. Conversely, when
the neutrino-induced thermal corrections become negligi-
ble, Eq. (1) reduces to the standard neutrino mass spec-
trum and the cosmological evolution recovers the ΛCDM
limit.
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1. Single-neutrino model

For the numerical analysis, we employ the full expres-
sion for the dark energy density given by Eq. (23) and
restrict the discussion to the lightest neutrino mass eigen-
state, making the coupling g1 ̸= 0 while g2 = g3 = 0.
This model corresponds to a minimal scenario in which
only the lightest neutrino species contributes to the effec-
tive dark energy sector. As a consequence, the resulting
energy density evolution is controlled by a single mass
scale and a single coupling parameter. It is our simplest
scenario that limits the dynamical richness of the model.

From a phenomenological perspective, the evolution of
ρΛ(T ) is smooth and monotonic. This behavior follows
directly from the dynamical structure of the model. In
particular, Eq. (22) implies that Λ̇ = J0, while Eq. (21)
fixes the sign of J0 throughout the cosmological evolu-
tion, thereby enforcing a monotonic evolution of Λ. As
the neutrino temperature decreases with the expansion
of the Universe, the phase-space suppression encoded in

the Fermi-Dirac distribution progressively reduces the in-
teraction contribution. Consequently, the neutrino in-
duced dark energy density increases toward its present-
day value and gradually freezes at late times, asymptot-
ically approaching a constant. This behavior is a generic
prediction of the model and is determined by the form
of the neutrino dark energy coupling. In particular, the
opposite evolution, corresponding to a dark energy den-
sity decreasing from larger values toward ρΛ, cannot be
realized within the physically allowed parameter space,
as it would require the effective coupling to be negative.
However Gs1 = g21/m

2
ϕ is manifestly positive. A sign

change becomes possible only in the presence of multiple
couplings, where Eq. (19) is no longer a perfect square.

2. Two-neutrino model

In this case, we consider the two lightest neutrinos,
setting different values for m1 and the other given by
Eq. (27). Each neutrino has its Gs-coupling, then using
Eq. (23) for two-neutrino, we have:

ρΛ(Tν) = ρΛ(Tν,0)−
3ζ(3)gν
4π4

[
Gs1 m1

∫ Tν

T0,ν

(
T ′
ν

∫ ∞

0

ep/T
′
νp3dp√

p2 +m2
1(e

p/T ′
ν + 1)2

)
dT ′

ν

+ Gs2 m2

∫ Tν

T0,ν

(
T ′
ν

∫ ∞

0

ep/T
′
νp3dp√

p2 +m2
2(e

p/T ′
ν + 1)2

)
dT ′

ν

]
, (29)

To improve the convergence of the sample method in sub-
section III C, we define

η ≡ Gs1

Gs2

, (30)

and vary (Gs2 , η) as independent parameters, with Gs1

derived.
This two-neutrino scenario introduces a non-trivial in-

terplay between the contributions of each species. We
will see that the dataset prefers opposite signs for the
two couplings. As a consequence, the dark energy den-
sity ρΛ(T ) is no longer monotonic, but instead exhibits a
richer dynamical structure arising from the partial can-
cellation between the two terms.

In particular, the definition of η induces a competition
between the two neutrino contributions, each weighted
by a different mass scale. At early times (high Tν), both
species contribute, and the combined effect can lead to an
enhancement of ρΛ. However, as the Universe expands
and Tν decreases, the heavier neutrino becomes Boltz-
mann suppressed earlier than the lighter one, breaking
the balance between the two terms.

If Gs1 < 0 and Gs2 > 0, this imbalance naturally gives
rise to a peaked behavior in the evolution of the dark
energy density, where ρΛ grows up to a maximum at in-

termediate redshifts and subsequently decreases toward
late times. Such a feature resembles a transient dark
energy component and departs noticeably from the stan-
dard ΛCDM expectation of a constant energy density.

From a phenomenological point of view, this behav-
ior may alleviate tensions in observational dataset by al-
lowing for a dynamical dark energy sector that modifies
the expansion rate in a redshift-dependent manner. In
particular, the presence of a maximum in ρΛ(z) around
z ∼ O(1) [10], can impact distance measurements and
the growth of structure, providing a potential signature
to constrain the model.

Finally, the parameter η controls the relative strength
of the cancellation and therefore regulates both the am-
plitude and the position of the peak in ρΛ. This intro-
duces an additional degree of freedom that enhances the
flexibility of the model, at the cost of increasing param-
eter degeneracies when fitting to cosmological data. Re-
cent DESI observations [2], when combined with other
cosmological probes, have renewed interest in dark en-
ergy scenarios that evolve with redshift rather than re-
maining strictly constant. In this context, we consider
a phenomenological framework in which the interaction
between neutrinos and dark energy allows the effective
dark energy density to increase from the past, attain a
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maximum value, and then decrease at late times. This
possibility motivates the sign conventions adopted for the
interaction parameters and provides a concrete observa-
tionally inspired scenario to test against the data.

III. COSMOLOGICAL CONSTRAINTS

To assess both models, we confront them with differ-
ent observational datasets by exploring a range of values
for the lightest neutrino mass. This procedure allows us
to constrain the coupling Gs1 within the single-neutrino
framework described by Eq. (23). We then extend the
analysis to the two-neutrino scenario, Eq. (29), where
the interaction of the intermediate-mass neutrino m2 is
characterized by the coupling Gs2 . The coupling asso-
ciated with the lightest neutrino, Gs1 , is subsequently
determined through η, Eq. (30).

A. Datasets

To constrain the cosmological parameters of the mod-
els, we combine several complementary late- and early-
Universe probes spanning the redshift range from the lo-
cal Universe up to recombination. Specifically, we con-
sider Megamasers, Cosmic Chronometers, SNe Ia DES-
Dovekie, BAO DESI DR2, and the CMB angular acoustic
scale θ∗ measured by Planck. These datasets provide in-
dependent constraints on the cosmic expansion history,
cosmological distances, and the sound horizon scale, al-
lowing us to test the consistency of the models across dif-
ferent epochs and observational techniques. In all anal-
yses, we include the corresponding covariance matrices
and systematic uncertainties provided by each collabora-
tion.

1. Megamasers. Geometric distance measurements
from water Megamaser (MM) galaxies observed by
the Megamaser Cosmology Project [69] are incor-
porated in the analysis. The sample contains six
Megamaser galaxies, providing angular diameter
distances and recession velocities in the low red-
shift range 0.002 ≤ z ≤ 0.034. They provide a
direct late Universe constraint on H0.

2. Cosmic Chronometers. We employ cosmic
chronometer (CC) measurements of the expansion
rate H(z), obtained from the differential age evo-
lution of passively evolving massive galaxies. This
method provides direct estimates of the Hubble pa-
rameter through H(z) = −(1 + z)−1dz/dt, with
minimal cosmological assumptions since it relies on
relative ages rather than absolute age calibration.
The compilation contains 33 measurements in the
range 0.07 ≤ z < 2, collected from several sur-
veys and analyses [70], including the full covariance
matrix following the prescription of [71]. These
dataset help break degeneracies between H0 and

the absolute magnitude MB entering the Super-
novae analysis, as well as betweenH0 and the sound
horizon scale rd appearing in BAO measurements.

3. Type Ia supernovae. We use the most recent
Type Ia Supernova (SNe Ia) compilation from the
DES Dovekie reanalysis [72] of the DES 5 year
supernova sample [73], which provides standard-
ized apparent magnitudes, mB , for the SNe Ia to-
gether with the corresponding covariance matrix.
This reanalysis incorporates an updated photomet-
ric cross calibration, new white dwarf calibration
data, a retrained SALT3.DOV light curve model,
regenerated simulations, corrected calibration un-
certainties, and an exact implementation of the
Fitzpatrick color law. The final DES Dovekie cos-
mology sample includes 1623 likely DES SNe Ia to-
gether with 197 low redshift SNe Ia, over the red-
shift range 0.025 ≲ z ≲ 1.1.

4. DESI DR2 BAO. We use baryon acoustic os-
cillation (BAO) measurements from DESI DR2
[2], based on galaxy, quasar, and Lyα forest trac-
ers. These dataset constrain cosmological dis-
tances relative to the sound horizon rd, namely
DM/rd, DH/rd, and the angle averaged dis-
tance DV /rd. The effective redshifts are zeff =
0.295, 0.510, 0.706, 0.934, 1.321, 1.484, 2.330, cover-
ing the range from low redshift galaxies to Lyα
forest absorption.

5. Planck distance priors. Instead of using the
full CMB likelihood, we adopt the Planck 2018 dis-
tance priors from the final TT,TE,EE+lowE release
[74]. These compressed CMB constraints encode
the main geometrical information relevant for late
Universe expansion through the acoustic scale lA,
the shift parameter R, and Ωbh

2, including their
covariance. The quantities lA and R characterize
the angular scale of the acoustic peaks and the dis-
tance to the photon decoupling epoch, respectively,
and are computed from the comoving sound hori-
zon and angular diameter distance at recombina-
tion. This approach provides an efficient approxi-
mation to the full CMB likelihood while retaining
most of the constraining power relevant for dark
energy models. In the flat ΛCDM case, the val-
ues are R = 1.7502 ± 0.0046, lA = 301.471+0.089

−0.090,

and Ωbh
2 = 0.02236 ± 0.00015. Their uncertain-

ties are about 40% smaller than those from Planck
2015 TT+lowP, and they reproduce the full Planck
2018 constraints for several dark energy models
with good accuracy. We will refer to this dataset
as θ∗.

In the following sections, we will refer to the combina-
tion MM + CC + SNe Ia (DES-Dovekie) + DESI BAO
DR2 as the low-redshift probes or simply (LzP) data.
When including the Planck distance priors, high-redshift
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probe, we denote the dataset combination as (LzP+θ∗)
data.

All likelihood analyses presented in this work were per-
formed using a modified version of the Late Universe
dataset Binning (LUDB) code [75], originally developed
for cosmological parameter inference from late Universe
observations. The code implements the likelihood func-
tions for the observational datasets described above, in-
cluding the corresponding covariance matrices and sys-
tematic uncertainties. It provides a flexible framework
for combining different datasets, evaluating the total χ2

for a given cosmological model, and performing cosmo-
logical parameter inference through Markov Chain Monte
Carlo (MCMC) sampling. For the present analysis, the
original implementation was extended to incorporate the
interacting models considered in this work through mod-
ifications of the cosmological background evolution and
the corresponding theoretical predictions entering the
likelihood calculations.

B. Cosmological inference for the one-neutrino
model

As we mentioned above, we consider a range of mν val-
ues to determine Gs1 , from 5.0×10−5eV to 1.0×10−3eV,
since in this interval the cosmological dynamics has an
interesting effect for dark energy, cf. Section II E. We
employ a flat prior for the interaction strength, Gs1 ∈
[0, 100] × 1011eV−2, a range that proves convenient for
the cosmological dynamics. In Table I we report the val-
ues of Gs that we obtained, where we identify two main
features. As the neutrino mass increases, Gs1 with LzP
dataset decreases in inverse proportion to m1, in accor-
dance with the coupling Gs1m1 in Eq. (23). Moreover,
the inclusion of CMB priors (LzP + θ∗) in the analy-
sis further diminishes Gs1 ; it tends to approach zero for
larger neutrino masses. This trend is illustrated graphi-
cally in Fig. 1.

As shown in Table I, the LzP dataset alone shows a
preference for positive, nonzero values of Gs1 . The quan-
tity Nσ denotes the Gaussian-equivalent significance of
the preference for the best-fit model over the null hy-
pothesis Gs1 = 0, obtained from the profile likelihood
via ∆χ2 = χ2(Gs1 = 0)−χ2

min. This quantity provides a
rough estimate of the statistical preference against the
null-coupling hypothesis, Gs1 = 0. Accordingly, the
marginalized central value lies approximately 2σ away
from the null-coupling case, Gs1 = 0. This suggests that
the null-coupling scenario provides a slightly poorer de-
scription of the data. However, the statistical signifi-
cance remains modest and should not be interpreted as
evidence for a nonvanishing coupling, but rather as a
weak indication of a possible neutrino–dark energy inter-
action. The inclusion of the θ∗ prior substantially weak-
ens this preference, leading to smaller best-fit values and,
for larger neutrino masses, only upper limits on Gs1 .
As we can see in Table I, among the neutrino masses

FIG. 1: Values for Gs1 (in blue) obtained from the
following datasets: Megamasers, Cosmic Chronometers,
SNe Ia DES-Dovekie, and DESI BAO DR2, i.e., LzP.
Whereas Gs1 in orange uses the same data as before,

but adding Planck CMB distance priors LzP+ θ∗. The
shaded orange region marks the 1σ limit allowed by the

dataset.

explored, the case m1 = 5.0 × 10−5eV produces the
largest departure from the ΛCDM prediction. For this
case, we obtain the 2σ upper bound Gs1 < 4.83 ×
1012eV−2 from the LzP data. Including the CMB
acoustic-scale constraint θ∗ further strengthens the limit
to Gs1 < 1.77× 1012eV−2 at 2σ.
Fig. 2 shows the posterior distributions of Gs1 , con-

firming that smaller neutrino masses allow larger devi-
ations from ΛCDM. Conversely, larger neutrino masses
drive the interaction strength toward zero and therefore
toward the ΛCDM limit. This behavior is strengthened
by the inclusion of the θ∗ prior, for which Gs1 becomes
consistent with zero at the 1σ level for masses greater
than 0.2 meV.
As shown in Fig. 2 and 3, the largest deviation from

the ΛCDM limit occurs for mν = 5 × 10−5eV in both
datasets. The effect of including the θ∗ constraint from
Planck is clearly illustrated when comparing the distri-
butions, where a narrowing and shift of the posterior dis-
tributions are observed. This reflects a reduction of the
allowed parameter space once early Universe information
is taken into account.
Consistently, this impact is also visible in the two-

dimensional contours shown in Fig. 4, where the inclusion
of θ∗ leads to a shrinkage of the confidence regions.For
illustrative purposes, we display this comparison only for
the case mν = 5 × 10−5, eV. Finally, Fig. 5 shows the
evolution of the normalized dark energy density as a func-
tion of redshift, ρΛ(z)/ρΛ(0), obtained from the posterior
probability, confirming that the tighter constraints trans-
late into a more controlled and less dispersive cosmolog-
ical evolution.
The evolution of the normalized dark energy density
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m1 [eV] Gs1 (LzP) Nσ Gs1 (LzP+θ∗) Nσ

5.0× 10−5 25.21+11.64
−11.64 1.95 5.24+4.19

−2.88 1.47
1.0× 10−4 12.77+5.42

−5.80 2.01 2.65+1.88
−1.43 1.60

2.0× 10−4 6.52+3.15
−3.00 2.00 < 2.1 —

3.0× 10−4 4.62+2.08
−2.07 2.01 < 1.58 —

7.0× 10−4 2.44+1.13
−1.08 1.97 < 0.74 —

1.0× 10−3 2.03+0.82
−0.92 2.1 < 0.66 —

TABLE I: Constraints on the effective coupling Gs1 [×1011 eV−2] for different values of the lightest neutrino mass
m1 from the LzP and LzP+θ∗ analyses. Uncertainties correspond to the 68% credible interval, while upper limits
indicate no statistically significant detection. The quantity Nσ denotes the significance of the preference for the

best-fit model over the null hypothesis Gs1 = 0.

0 20 40 60
Gs1 [×1011 eV 2]

m = 5 × 10 5 eV
m = 1 × 10 4 eV
m = 2 × 10 4 eV
m = 3 × 10 4 eV
m = 7 × 10 4 eV
m = 1 × 10 3 eV

FIG. 2: Posterior distributions for Gs1 values with
different neutrino masses for the LzP dataset.

provides key insights into the dynamical properties of
the dark energy sector within the considered model. As
shown in Fig. 5, both reconstructions are normalized
to unity at z = 0, as expected by definition. However,
notable differences arise at higher redshifts depending on
the datasets employed.

When only low redshift probes (LzP) are considered,
the reconstructed dark energy density exhibits a clear
increasing trend with time. This behavior departs from
the standard ΛCDM prediction, in which the dark energy
density remains constant. The observed increase as time
evolves therefore indicates a dynamical dark energy com-
ponent induced by neutrino interactions. As discussed in
Sec. II E, this behavior is a generic consequence of the
model and follows directly from the form of the neutrino
dark energy coupling. On the other hand, the associated
uncertainty band grows rapidly with redshift, reflecting
the limited constraining power on the high z behavior of

0 10 20 30
Gs1 [×1011 eV 2]

m = 5 × 10 5 eV
m = 1 × 10 4 eV
m = 2 × 10 4 eV
m = 3 × 10 4 eV
m = 7 × 10 4 eV
m = 1 × 10 3 eV

FIG. 3: Posterior distributions for Gs1 with different
neutrino masses for the LzP+θ∗ dataset.

the model.
In contrast, the inclusion of the CMB constraint

through the acoustic angular scale θ∗ noticeably al-
ters the reconstruction. In this case, the evolution
of ρΛ(z)/ρΛ(0) is suppressed, remaining close to unity
across the entire redshift range; however, it is 2σ away
from ΛCDM for z ≳ 1. Additionally, the uncertainty
band becomes narrower, indicating an improvement in
parameter constraints. This result highlights the criti-
cal role of early Universe information in constraining the
late-time evolution of the dark energy parameter space.

C. Cosmological inference for the two-neutrino
model

The dark energy dynamics is given by Eq. (29), but
at high temperatures, the dark energy is dominated by
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FIG. 4: Comparison of the marginalized posterior
distributions for mν = 5× 10−5 eV, which corresponds
to the case that exhibits the largest deviation from
ΛCDM among those studied. The analysis uses LzP
dataset (red), and the same dataset combination

including θ∗ (blue). The shaded contours correspond to
the 1σ and 2σ confidence levels.
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FIG. 5: Dark energy density evolution for
mν = 5× 10−5eV.Dark and light shaded bands indicate
the 68% and 95% confidence intervals given the data,

while dashed lines show the median reconstruction. The
horizontal blue line denotes the ΛCDM prediction.

the heaviest neutrino that is relativistic, in this case m2,
hence given by Eq. (25). If the effective coupling Gs2

is positive one can have a beginning of ρΛ from zero,
but to avoid a divergence of ρΛ for large z, one needs
a more fundamental microscopic realization, in which
the interaction is dynamically suppressed in the early
Universe and becomes relevant only at late times. On
the other hand, we can choose Gs1 < 0 to get a de-
creasing behavior of ρΛ in the late universe as seen in

the DESI results [10]. These constraints were obtained
adopting the prior η ∈ (−100, 0.1), cf. Eq. (30). The
1σ confidence intervals of the effective couplings Gs2 and
Gs1 for the two-neutrino model are reported in Table II.
From the Gs2 constraints, no clear monotonic depen-
dence on the neutrino mass can be identified. The Gs2

preferred values remain approximately constant, of order
(3–5)×1011eV−2, throughout the mass range considered
for the LzP data. Although the largest neutrino masses
tend to exhibit slightly higher central values, the asso-
ciated uncertainties are substantial and largely overlap
with those obtained for lower masses. Therefore, within
the sensitivity of the present data, we find no statisti-
cally significant evidence for a correlation between Gs2

andmν . This behavior is illustrated in Fig. 6. A different
trend is observed for Gs1 , whose preferred values exhibit
a systematic dependence on the neutrino mass, as shown
in Fig. 7. In particular, the preferred values become pro-
gressively less negative as m1 increases, changing from
approximately −5.5× 1012eV−2 at m1 = 5× 10−5eV to
about −6 × 1011eV−2 at m1 = 10−3eV with LzP data.
Although the associated uncertainties remain sizable, es-
pecially at low masses, the overall trend remains mono-
tonic across the mass range considered. This behavior
suggests a mild correlation between Gs1 and m1.

Additional insight is provided by the significance esti-
mates Nσ reported in Table II. In this case, we compute
these as Nσ = Φ−1(1 − p/2), where Φ−1 is the inverse
cumulative distribution function of the standard normal
distribution. This quantity gives the Gaussian-equivalent
significance associated with the p-value obtained from the
likelihood-ratio statistic ∆χ2, following standard conven-
tions in particle physics and cosmology [76, 77].

For the LzP dataset, the preferred values of the inter-
action strength correspond to deviations from the non-
interacting limit at the 1.8–2.1σ level, depending on the
assumed neutrino mass. The strongest significance is
found for m1 = 2.0× 10−4 eV, where the preference for a
nonzero interaction reaches about 2.1σ. Although these
values do not constitute decisive evidence, they indicate
a mild preference for neutrino self-interactions when only
the LzP dataset is considered. By contrast, for the com-
bined LzP+θ∗ data, the inferred constraints are consis-
tent with the non-interacting limit within the reported
confidence intervals. Therefore, no meaningful signifi-
cance can be assigned to a nonzero interaction in that
case, indicating that the preference observed with LzP
alone is not robust once the additional geometric infor-
mation encoded in θ∗ is included. Nevertheless, in our
discussion we adopt the value m1 = 5.0× 10−5 eV, since
it provides the best qualitative reproduction of the dark
energy evolution, comparing Fig. 11 with the DESI DR2
analysis, [10] (see Fig. 9 in that document). In particu-
lar, this case exhibits a maximum in the dark-energy den-
sity at z < 1, followed by a decrease toward its present-
day value, closely matching the behavior inferred from
the DESI reconstruction.

It is worth noting that the effective couplings Gsj are
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not fundamental parameters, but rather weighted sums
of the microscopic interaction matrix elements Gs,ij . In
a broad class of scalar-mediated interactions, the latter
can be written as in Eq. (2) [78, 79], where gi denotes
the coupling of the mediator field ϕ to the neutrino i-
eigenstate. Since the sign of Gs,ij is determined by the
product gigj, individual matrix elements may naturally
be either positive or negative depending on the relative
signs of the underlying couplings. Consequently, the ef-
fective quantities Gsj may also acquire either sign after
summation over the contributing species.

This sign asymmetry plays a crucial role in shaping
the evolution of the effective dark energy density. Unlike
the single-neutrino scenario, where the dark energy com-
ponent evolves monotonically, the two-neutrino model
is able to produce a transient enhancement of ρΛ(z) at
intermediate redshifts, followed by a decay toward the
present epoch. As a result, the standard early-time cos-
mological evolution is preserved while the dark energy
dynamics are modified at low redshift.

For the smallest neutrino mass considered, m1 = 5 ×
10−5eV, we obtain the 2σ constraint Gs1 > −1.06 ×
1012eV−2 using the LzP data. The addition of the
CMB acoustic-scale measurement θ∗ improves the limit
to Gs1 > −0.72× 1012eV−2.

FIG. 6: Best fit values for Gs2 (in blue) obtained from
the following datasets: Megamasers, Cosmic

Chronometers, SNe Ia DES-Dovekie, and DESI BAO
DR2 (LzP), whereas Gs2 (in orange) uses the same
before, but adding θ∗ from Planck CMB (LzP+θ∗).

Next we present the marginalized posteriors of Gs2 and
Gs1 for different values of the lightest neutrino mass. Fig.
8 displays the results obtained with the LzP dataset.
The posteriors exhibit well-defined maxima, indicating
that both couplings are well constrained by the data. A
correlation between Gs2 and Gs1 is observed, together
with a dependence on the neutrino mass. Lower masses
generally lead to broader posterior distributions, while
larger masses result in tighter constraints. In contrast,
Fig. 9 shows that including θ∗ narrows the Gs2 posterior

FIG. 7: Best fit values for Gs1 (in blue) obtained from
the following datasets: Megamasers, Cosmic

Chronometers, SNe Ia DES-Dovekie, and DESI BAO
DR2 (LzP), whereas Gs1 (in orange) uses the same
before, but adding θ∗ from Planck CMB (LzP+θ∗).

distribution, and similar degeneracies are observed.
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FIG. 8: Marginalized one- and two-dimensional
posterior distributions for Gs2 and Gs1 in the
two-neutrino model using Megamasers, Cosmic

Chronometers, SNe Ia DES-Dovekie, DESI BAO DR2,
i. e., LzP . The no inclusion of θ∗ leads to broader
contours and enhanced degeneracies between the

parameters.

In Fig. 10, the posterior distributions of Gs2 together
with Ωm, H0, and η for mν = 5×10−5eV, are compared,
analyzing both with and without θ∗.
In agreement with Figs. 8 and 9, the inclusion of θ∗
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LzP LzP+θ∗

m1 [eV] m2 [eV] Gs2 Gs1 Nσ Gs2 Gs1

5.0× 10−5 8.655× 10−3 3.71+3.21
−2.11 −54.87+33.91

−52.95 1.8 < 2.45 > −68.10
1.0× 10−4 8.655× 10−3 3.16+3.17

−1.97 −23.26+15.98
−25.59 2.0 < 3.16 > −43.84

2.0× 10−4 8.657× 10−3 3.21+3.06
−1.81 −11.84+7.43

−12.77 2.1 < 4.71 > −32.21
3.0× 10−4 8.660× 10−3 3.17+3.69

−2.24 −8.91+6.77
−11.41 2.0 < 4.58 > −21.97

7.0× 10−4 8.683× 10−3 4.54+5.63
−3.03 −6.95+4.77

−9.02 1.8 < 4.26 > −10.54
1.0× 10−3 8.712× 10−3 4.40+5.85

−2.93 −5.41+3.74
−7.57 1.8 < 7.01 > −14.24

TABLE II: Best-fit values at 68% CL for Gs2 , Gs1 [×1011 eV−2] and the corresponding rough significance estimates
for the LzP analysis. Nσ denotes the significance of the preference of the dynamical over the ΛCDM model. The

mass m2 is computed from Eq. (27) using ∆m2
21 = 7.49× 10−5 eV2.
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FIG. 9: Marginalized one and two dimensional posterior
distributions for Gs2 and Gs1 in the two-neutrino model

using Megamasers, Cosmic Chronometers, SNe Ia
DES-Dovekie, and DESI BAO DR2, i. e., LzP + θ∗.
The contours show relatively tight constraints and

correlations between the parameters.

shifts Gs2 toward smaller values and introduces clear de-
generacies, particularly with η and, to a lesser extent,
with H0. These correlations explain the degradation of
the constraints observed when θ∗ is included.

On the other hand, Fig. 11 shows the evolution of
ρΛ(z)/ρΛ(0) for mν = 5× 10−5 eV, comparing the anal-
yses with and without θ∗. Consistent with the previous
results, the inclusion of θ∗ leads to a broader allowed re-
gion and a milder evolution of ρΛ(z), keeping it closer to
a constant behavior. In contrast, without θ∗, the devi-
ation from ΛCDM becomes more pronounced at higher
redshifts.
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FIG. 10: Comparison of the marginalized posterior
distributions for mν = 5× 10−5 eV, which corresponds
to the case that exhibits the largest deviation from
ΛCDM among those studied. The analysis uses LzP
dataset (green), and the same dataset combination

including θ∗ (blue). The shaded contours correspond to
the 1σ and 2σ confidence levels.

IV. PHENOMENOLOGICAL IMPLICATIONS

The preferred values of the interaction parameters re-
main of comparable magnitude across the entire mass
range considered, with substantial overlap among their
confidence intervals. Therefore, the cosmological analy-
sis performed in this work constrains the effective scalar-
neutrino coupling parameter Gsj to values of order

Gsj ∼ 1012 eV−2. (31)

The preferred values of Gsj obtained in our analy-
sis are substantially larger than the effective interaction
strengths typically considered in studies of secret neu-
trino interactions and invisible neutrino decays, as re-
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FIG. 11: Reconstructed evolution of ρΛ(z)/ρΛ(0) in the
two-neutrino model for mν = 5× 10−5eV. Green and
blue regions correspond to the constraints obtained

from the LzP and LzP+θ∗ datasets, respectively. Dark
and light shaded bands indicate the 68% and 95%

confidence intervals, while dashed lines show the median
reconstruction. The horizontal blue line denotes the

ΛCDM prediction. The inclusion of the θ∗ measurement
shifts the reconstruction toward ΛCDM and increases

the uncertainty at higher redshifts.

viewed in Ref. [36]. However, a direct numerical compar-
ison should be made with caution. In the present frame-
work, Gsj enters through the energy-transfer current J0,
Eq. (21), and therefore characterizes the coupling respon-
sible for the exchange of energy between neutrinos and
the dark energy sector at the cosmological level. By con-
trast, the couplings compiled in Ref. [36] are generally
associated with microscopic particle interactions, com-
monly parameterized in terms of dimensionless couplings
and mediator masses. Consequently, although both de-
scriptions involve neutrino interactions, the correspond-
ing coupling strengths are defined in different physical
contexts and are not directly comparable on a one-to-
one basis.

Using the definition of Gsj introduced in Eq. (19), one
can estimate the characteristic mass scale of the scalar
mediator. Assuming a perturbative neutrino coupling
of order unity, gi ∼ O(1), the inferred mediator mass
becomes

mϕ ∼ G−1/2
sj . (32)

For the typical values obtained in our analysis, we find
mϕ ∼ 10−6 eV. Therefore, the mediator associated with
the neutrino interaction lies naturally in the ultralight
regime.

Interestingly, this mass scale overlaps with parameter
regions commonly discussed for axion-like particles and
ultralight scalar mediators appearing in extensions of the
Standard Model. Recent reviews and phenomenologi-
cal analyses, such as [80], indicate that viable ultralight

bosons may span masses between

10−33 eV ≲ mϕ ≲ 1 eV, (33)

depending on the cosmological and astrophysical scenario
considered. In particular, axion-like particles motivated
by string compactification frequently populate the range
10−12–10−3 eV, which includes the mass scale inferred
from our cosmological constraints. However, the medi-
ator considered here is not necessarily the QCD axion.
Rather, it should be viewed as a generic light scalar cou-
pled to neutrinos. The framework remains strongly in-
spired by particle-physics constructions, being character-
ized by a small set of physical parameters, namely the
neutrino masses mj and the scalar-neutrino couplings
Gsj . In this context, the scalar field acts as an effec-
tive mediator that induces temperature-dependent neu-
trino mass corrections, leading to a dynamical dark en-
ergy component. While the resulting cosmological phe-
nomenology differs from that of conventional axion dark
matter scenarios, the underlying structure retains the
simplicity and motivation of particle-physics models in-
volving light scalar mediators.
Moreover, the inferred mediator mass scale, mϕ ∼

10−6 eV, is remarkably close to the scales explored in
several models of secret neutrino interactions and ultra-
light scalar cosmologies [36, 81, 82]. Such masses are
sufficiently small to affect cosmological evolution while
remaining difficult to probe in terrestrial experiments.
Consequently, cosmological observations provide one of
the most sensitive avenues for testing this class of sce-
narios [22, 32, 36].

V. CONCLUSIONS

We have explored a dark energy scenario in which
finite-temperature corrections to neutrino masses, gen-
erated by interactions mediated by a light scalar field,
contribute to an effective dark energy component within
the framework of Unimodular Gravity. In this construc-
tion, the non-conservation current associated with the
neutrino sector modifies an otherwise constant vacuum-
energy contribution, leading to a dynamical dark energy
density.
We investigated two realizations of this scenario. In

the one-neutrino model, the dark energy density evolves
dynamically and increases monotonically toward the
present epoch. The two-neutrino realization exhibits a
richer phenomenology: depending on the relative signs
and strengths of the effective couplings, the dark energy
density may reach a maximum at low redshift, typically
around (z ≲ 1), before decreasing toward the present
epoch. As illustrated in Fig. 11, this turnover occurs
within the redshift range currently probed by late-time
cosmological observations. Therefore, while both scenar-
ios predict departures from a constant dark energy den-
sity, only the two-neutrino model naturally allows for a
low-redshift maximum followed by a subsequent decline.
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Using Megamasers, Cosmic Chronometers, DES-
Dovekie SNe Ia, and DESI DR2 BAO measurements,
dubbed LzP dataset, we constrained the effective in-
teraction strength Gs for values of the lightest neutrino
mass in the range 0.05meV ≤ m1 ≤ 1meV. For the
one-neutrino scenario, the preferred coupling values lie
in the range Gs1 ∼ (2 – 25) × 1011 eV−2 at 68% CL,
depending on the assumed neutrino mass. In partic-
ular, larger values of Gs1 are favored for lighter neu-
trino masses, whereas heavier neutrinos require smaller
interaction strengths. For the two-neutrino scenario,
the inferred couplings are Gs2 ∼ 4 × 1011 eV−2 and
Gs1 ∼ (−55 , −5) × 1011 eV−2 at 68% CL over the ex-
plored neutrino-mass range. Assuming an underlying
neutrino coupling of order unity, the characteristic inter-
action scale corresponds to an ultralight mediator with
mass mϕ ∼ 10−6eV.

We further examined the impact of including the
Planck distance-prior information through the acoustic
scale θ∗. We find that the addition of CMB informa-
tion reduces the allowed parameter space. For the one-
neutrino model, only the two smallest neutrino masses
retain a preference for non-zero interactions, whereas in
larger masses Gs1 is consistent with zero at 1σ. For the
two-neutrino model, the inclusion of Planck information
weakens the preference for non-zero interactions, yield-
ing only upper limits on both coupling parameters across
the explored neutrino-mass range. These constraints, in
turn, generally drive the reconstructed dark energy evolu-
tion closer to that of a constant dark energy component,
highlighting the importance of combining early- and late-
time observations when testing dynamical dark energy
scenarios.

Regarding the statistical significance of departures
from the ΛCDM limit (Gs1 = 0), we find that, among
the neutrino masses considered, the one-neutrino case
exhibits an approximately 2σ departure, when the LzP
dataset is employed. For the LzP+θ∗ combination,
this departure is reduced to 1.5–1.6σ for masses m1 ≤
0.1meV, while for larger masses only upper limits are
obtained. This behavior reflects the tighter constraints
induced by the inclusion of CMB acoustic-scale informa-
tion and the resulting reduction of parameter degenera-
cies. The two-neutrino case exhibits a similar trend, with
an approximately 2σ departure from the ΛCDM limit
when the LzP dataset is employed, while the constraints
for the LzP+θ∗ dataset allow negative values of Gs1 only
down to a finite lower bound.

Although the inferred dark energy evolution depends
on the neutrino-mass assumptions and on the dataset
combination employed, the analysis shows that non-
standard neutrino interactions can generate cosmolog-
ically relevant dark energy dynamics while remaining
compatible with current observational constraints. In
particular, the model naturally recovers the ΛCDM limit
when the interaction contribution becomes negligible,
providing a consistent extension rather than a discon-
nected alternative to the standard cosmological model.

The present analysis should be understood as a late-
time effective description of a neutrino-induced dark en-
ergy component. Within this effective treatment, the
neutrino–scalar interaction is not assumed to operate
with the same form throughout the entire thermal history
of the Universe. Indeed, a formal extrapolation of the
late-time solution to sufficiently high temperatures can
extend the model beyond its intended regime of validity.
We therefore implement a transition between the rela-
tivistic and nonrelativistic regimes of the neutrino fluid
and apply each solution within the corresponding physi-
cal domain. This matching prescription provides a con-
trolled phenomenological description of the late-time dy-
namics probed by the datasets considered here. A more
fundamental microscopic realization, in which the inter-
action is dynamically suppressed in the early Universe
and becomes relevant only at late times, would provide a
natural completion of this framework and represents an
important direction for future work.
Future work should also include a full treatment of cos-

mological perturbations, CMB anisotropies, and large-
scale-structure observables. Such analyses will be essen-
tial to further assess the observational viability of the
model. More importantly, they will determine whether
the low-redshift evolution of the dark energy density pre-
dicted in the two-neutrino scenario, including the possi-
bility of a maximum followed by a decline toward the
present epoch, can provide a viable explanation for the
emerging indications of dynamical dark energy reported
by recent observations.
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