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Abstract: We propose a cosmological framework in which neutrino masses evolve dynamically through coupling

with a scalar field that simultaneously drives inflation. The neutrino mass is modeled as a power-law, exponential, or

hybrid function of the scalar field, yielding an effective potential that includes neutrino backreaction. Starting from
the Einstein—Hilbert action in a flat FLRW background, we derive the modified Friedmann and Klein—Gordon equa-

tions incorporating this coupling. Using the Fermi—Dirac integrals, we account for the continuous transition of neut-

rinos from relativistic to nonrelativistic regimes. The inflationary dynamics are investigated through the slow-roll
parameters derived from the effective potential, together with the evaluation of the scalar spectral index ng, and the
tensor-to-scalar ratio 7 for each model. The exponential and mixed MaVaN couplings emerge as the most flexible

cases, allowing inflationary dynamics and neutrino mass variation to be accommodated within a single scalar field,

only in a constrained region of parameter space.
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I. INTRODUCTION

Over the past quarter-century, a wide variety of cos-
mological observations has consolidated the standard
concordance model of cosmology (ACDM): a spatially
flat universe with an energy budget today composed of ~
5% baryonic matter, ~ 25% cold dark matter (CDM), ~
70% dark energy (DE) in the form of Einstein's positive
cosmological constant (A) and smaller contributions
provided by massive neutrinos and radiation [1—4]. More
recently, the baryon acoustic oscillation (BAO) dataset
from the DE Spectroscopic Instrument (DESI) [5, 6] has
provided new insights into the understanding of DE (see
[7-9]). Alongside these observational developments, the-
oretical studies have explored how modifications in the
scalar-field Lagrangian and quantum gravity corrections
can influence the dynamics of dark energy [10, 11].

Another important avenue of investigation is the
background in neutrino physics. The hot Big Bang
paradigm predicts a cosmic neutrino background: relic
neutrinos that behave as radiation at early times and con-
tribute as non-relativistic matter at late times [12—14].
These relics affect the acoustic oscillations of the primor-
dial plasma and the subsequent growth of the large-scale
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structure, making cosmological observations sensitive to
the total sum of the neutrino mass m, and to the effect-
ive number of relativistic species Ng [15]. Joint analyzes
that combine DESI with Planck and supernova data cur-
rently tighten the upper bound on Xm, to roughly
0.06-0.1¢eV [5, 6], while any significant deviation of N.g
from the standard value 3.044 would indicate the pres-
ence of additional light relics [16]. In a recent work [8],
the authors have obtained observational constraints on it.
Recent years have also witnessed growing interest in em-
bedding non-standard neutrino sectors within extended
cosmological frameworks beyond the minimal ACDM
paradigm. For instance, neutrino effects have been ex-
plored in generalized entropic holographic dark energy
models, where neutrino dynamics can influence both the
background evolution and observational signatures [17].
Moreover, the mechanism behind neutrino mass gen-
eration remains one of the most fundamental open ques-
tions in modern physics. Although the Standard Model
originally treated neutrinos as massless, neutrino oscilla-
tion experiments have unambiguously shown that they
possess small but non-zero masses [18—20]. Proposed ex-
planations — including various seesaw realizations and
radiative mass-generation mechanisms provide theoretic-
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al pathways for generating these masses [21-24], yet the
fundamental origin remains an open problem. This issue
acquires additional cosmological significance because
scenarios such as time-dependent neutrino masses or nov-
el neutrino couplings could leave observable imprints on
background evolution and structure formation.

In this work, we propose a unified framework in
which the neutrino mass is dynamically generated
through coupling to a scalar field ¢, which simultan-
eously plays a role in the dynamics of the early universe.
This idea is inspired by mass-varying neutrinos (MaVaN)
scenarios, which have been studied primarily in the con-
text of dark energy [25, 26]. However, their potential rel-
evance during the inflationary epoch has not been extens-
ively explored. This motivates our investigation into
whether scalar-neutrino interactions can not only pro-
duce time-dependent neutrino masses but also influence
or even drive cosmic inflation.

We construct a model where the neutrino mass is a
function of the scalar field, specifically power law form
(m,(¢) = my¢"); an exponential form (m,(¢) = mye®?); or a
hybrid form (m,(¢) = my¢"e??), where my is the neutrino
mass scale and f represents the dimensionless coupling
strength between the neutrino and the scalar field. Such
functional dependencies naturally arise in particle phys-
ics models featuring Yukawa couplings to scalar fields, as
in quintessence or dilaton-type theories [27, 28]. When
neutrinos are coupled in this manner, they contribute ad-
ditional terms to the energy-momentum tensor of the
scalar field, modifying its dynamics through an effective
potential ([21, 25]):

Vcﬂ(¢) = V(¢) + mv(¢)(pv - 3pv)s (1)
where p, and p, are the energy density and pressure of
the neutrino fluid, respectively. Their evolution, espe-
cially during the transition from relativistic to nonrelativ-
istic regimes, plays a crucial role in determining the beha-
viour of ¢.

We first examine whether this effective potential can
sustain inflation by evaluating the slow-roll parameters
e(¢) and n(¢), derived from V.z(¢) with different m,(¢).
The analysis explores the conditions under which the ef-
fective potential remains sufficiently flat and the scalar
field evolves slowly, as required for successful inflation.

In a complementary and reverse approach, we start
from a known inflationary potential (e.g., V(¢) « ¢*, plat-
eau models such as Starobinski inflation [29], or a-at-
tractors [30]) and attempt to reconstruct the correspond-
ing functional form of m,(¢) that would yield the same
effective potential. This "inverse method" provides a nov-
el way to link inflationary dynamics with neutrino mass
generation mechanisms.

By combining both forward and reverse analyzes, we

investigated the theoretical consistency and phenomeno-
logical viability of a model in which mass-varying neutri-
nos actively participate in the dynamics of the early uni-
verse. This approach opens an intriguing possibility: that
a single scalar field might govern multiple cosmological
epochs, driving inflation, modulating neutrino mass, and
potentially contributing to late-time cosmic acceleration.
As such, this framework provides a natural bridge
between the physics of the early universe, the structure of
the neutrino sector, and dark-energy models.

The paper is organized as follows. In Sect.Il, we dis-
cussed the theoretical framework and the derivation of
the effective potential for various forms of neutrino mass
coupled with a quintessence scalar field. In Sect.IIl, we
analyze the resulting inflationary dynamics using slow-
roll parameters derived from the effective potential. We
further examine the qualitative behavior of key inflation-
ary observables, including the scalar spectral index and
the tensor-to-scalar ratio, and constrain the associated
coupling parameters f and n. Finally, we summarize our
findings in Sec. IV.

We prefer to work with (- + + +) metric signature, and
the natural units c =% = 1.

II. BACKGROUND MATHEMATICAL FORMAL-
ISM AND COUPLINGS

We consider the 4—dimensional Einstein-Hilbert ac-
tion as

S d*x \/__g R+ Sm(g,uvs\{"m) (2)

T

where «? =87xG and S,, is the action of the matter part
with matter field ,,. We assume the spacetime to be ho-
mogeneous, isotropic and spatially flat. It is given by the
Friedmann-Lemaitre-Robertson-Walker (FLRW) space-
time as

ds* = —dt* + a*(1)[dr* + r*(d6 + sin” 0d¢*)] 3)
where a(?) is time dependent scale factor and the speed of
light ¢ = 1.

Now, varying the action (2) with respect to the metric
tensor g yields the famous Einstein field equation

1
R, - ERgW =8nGT,,,

4)
where R,, is the Ricci tensor, R is the Ricci scalar and 7,
represents the stress-energy tensor fields defined as

7= 2 978D
V=g o

uv

)
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The conservation of local energy momentum tensor
gives the continuity equation as

ptotal + SH(I + W)plotal =0. (6)
The action (2) can be recast as a scalar field minim-
ally coupled to General Relativity as

1 1
s =/d4x V=g bM,%R— 0u09'$=V(9)

+ Z Sj [Bi((p)guva lp]] s (7)
J

where ¢(f) represents a homogeneous scalar field (quint-
essence) with potential V(¢), and y; denotes other matter
fields. Here Mp=2.4%x10"%GeV is the reduced Planck
mass. The coupling between the scalar field and matter
fields is introduced through a conformal transformation
of the metric, B}(¢)g,,, where B;(¢) > 0.

The first Friedmann equation takes the form

1 1. .
H2 = 3M2 <2¢2+V(¢)+me> ,
P j

(8

which relates the Hubble parameter H = a/a to the total
energy density of the scalar field and all other matter
components. The time evolution of the Hubble parameter
is given by

H =

)

1 . . ,
_ZMIZJ <¢2 + Zj(p(J) + P(]))) ,

indicating that the kinetic term of the scalar field, togeth-
er with the pressure of different species, governs the de-
celeration of the Universe.

The conservation equations for each component of the
Universe are modified in the presence of an interaction
between the scalar field and matter. For an interacting
species 7, the continuity equation takes the form

. . . B, . . .
- (D) (@) i)\ — 29 (O (i)
p+3H(p"+P?) = 3 ¢ (p”-3P7), (10)

indicating an exchange of energy between the scalar field
and the coupled matter sector through the conformal
function B(¢). For other noninteracting components j, the
standard conservation equation holds:

PP +3H(p? + PP) =0, (11)

which represents the usual adiabatic dilution of energy

density with the expansion of the Universe.The interac-
tion between neutrinos and the quintessence field ob-
tained from Eq.(7) can also be interpreted within the
framework of the coupled quintessence models discussed
in Refs. [28, 31, 32].

A. Continuity equation for Mass-Varying Neutrino

The neutrino mass is assumed to depend on the scalar
field, m, =m,(¢). In cosmology, neutrinos must be de-
scribed kinetically rather than as a perfect fluid. Their dy-
namics are governed by the phase-space distribution
function f(x, p',t), which satisfies the collisionless Boltz-
mann (Liouville) equation in an expanding universe [33]

df “of _,of ,of
TSt v

= 0. 12
dt ot (12)

During inflation, the rapid quasi-exponential expan-
sion dilutes any pre-existing thermal bath, and neutrinos
should not be interpreted as being in thermal equilibrium
with the inflaton field. In this work, neutrinos are treated
as a collisionless sector, kinetically decoupled from any
thermal bath, but dynamically coupled to the scalar field
through the field-dependent mass m,(¢). Their phase-
space distribution therefore evolves according to the Li-
ouville equation. For a homogeneous and isotropic back-
ground, the distribution function f depends only on the
magnitude of the comoving momentum, g = ap. Solving
this equation gives the following expressions for the neut-
rino energy density and pressure:

1
pr=— / q*dgdQ € (q) fo(q),

K

7’ dqdQ folq) ——.
€(q)

Py (13)

" 34

where fy(q) is the background Fermi-Dirac distribution
function, and the single-particle energy satisfies
€? = q*+a*m?(¢). The above expressions represent the
general definitions of the neutrino energy density and
pressure in terms of the phase-space distribution function.
Here, the comoving momentum ¢ = ap remains constant
in the absence of interactions, and the energy—mo-
mentum relation explicitly incorporates the mass vari-
ation through m,(¢).

Assuming isotropy ([dQ=4n) and introducing the
dimensionless variables

€ _ my(®)
= T,

; (14)

. TV,O .. .
with 7y(a) = " where T, is interpreted as a comoving

momentum scale tracking the redshifting of physical mo-
menta rather than as a physical temperature during infla-
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tion, the neutrino energy density and pressure can be
written as

7T4(a)1%/2(§)

oL (1)

p(a)= %Tﬁ(u) L. pla)=

The scaling T, c a™! follows directly from the conser-
vation of comoving momentum for a collisionless spe-
cies and does not rely on radiation domination or thermal
equilibrium.

Here, I.(¢) and I3,,({) denote the standard Fermi—Dir-
ac integrals, whose forms encapsulate the transition
between the relativistic and nonrelativistic regimes of the
neutrino population.

This integrals are defined as

002 2 _ 2 23/2
CVEC L a0 - /(Zef)

1)) = ot

(16)

The above integrals do not admit closed-form expres-

sions for arbitrary ¢ but their limiting forms can be ob-

tained in the relativistic(/ <<1) and nonrelativistic

(¢ 2 1) limits.

Specifically, one finds for I3,({),corresponding to the

pressure integral, the asymptotic expansions read,

Tt 5
P, +O 41 N 1’

L) =4 120 5 (*logd)s L -
34“2Kz<4>+0<e-24>, [21.

where K, (x) is the modified Bessel function of second
kind. Similarly, one finds,

Tt

m—ﬁ{2+()(§4log() {<1,

3CKO+ K +0(e™),

’x 1.

One easily finds that for the relativistic limit (£ < 1),
these integrals reproduce the standard results,

Tn?
~N
60

_ Py
Pv=—=-

T4
3

(19)

These relations ensure consistency with the radiation-
dominated behavior at early times, while deviations at
large (¢) encode the impact of neutrino mass generation
and its coupling to the scalar field.

From the expression for energy density and pressure
in Eq.(13), the evolution of energy density of neutrinos is
derived as

_ 0lnm,(¢)

(9¢ ¢(pv_3pv)-

oy +3H (o, + py) (20)

The above equation describes the non-conservation of
the neutrino energy density due to its explicit depend-
ence on the scalar field. The interaction term on the right-
hand side quantifies the energy transfer between the neut-
rino fluid and the scalar field through the field-dependent
neutrino mass. A positive coupling implies that the scalar
field loses energy to the neutrino sector as the field
evolves.

The total energy of the combined system, however,
must remain conserved. Hence, when both the scalar field
and neutrino components are considered together, their
total energy density/satisfies the conservation equation

Zpi +3H Z(Pi +pi) =0,

(2]

which ensures that the total energy—momentum tensor of
the system is covariantly conserved.

From this total conservation law, one obtains the
modified Klein—Gordon equation governing the evolu-
tion of the scalar field in the presence of the coupling to
neutrinos:

ov Jdlnm,
3H =-
¢+3Hp+ 9= " as

(oy=3py) (22)

From this equation, the dynamics of the field is spe-
cified by the effective potential.

Veff,d) = ‘/,(/> + (,51/ - 3ﬁv)mv,¢(¢) (23)
where p, = p,/m,(¢) and p, = p,/m,(¢).
Vero = Vo + ":n”’(%) (00 —3py). (24)

Using the total energy conservation equation for the
combined fluids, the Friedmann and Raychaudhuri equa-
tions take the form

_ 871G

H =25, 25
3 2 p (25)
4nG
. Z(p,+3p, (26)
Where,
D pi=pu+py, (27)
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> (0i+3p) =py+ps+3p,+3py (28)

The above framework establishes the background dy-
namics of a cosmological model where neutrinos interact
with a scalar field through a mass-varying coupling. The
coupling modifies the evolution of both components by
introducing an additional source term in the scalar field
equation and redefining its potential energy through the
effective potential V.z(¢). This effective potential gov-
erns the field’s dynamics and can significantly influence
the early- and late-time evolution of the Universe. In par-
ticular, its form determines whether the scalar field can
drive an inflationary phase or act as a dark energy com-
ponent at late times. In the following section, we analyze
the structure of this effective potential and explore its im-
plications for inflationary dynamics within the mass-
varying neutrino framework.

III. EVOLUTION OF SLOW ROLL PARAMET-
ERS WITH EFFECTIVE POTENTIAL

In this subsection, we consider different functional
forms of the neutrino mass and derive the corresponding
expressions for the slow-roll parameters and their evolu-
tion[34—36]. To achieve a phase of sudden accelerated
expansion of about 60 e-folds within the framework of
the Raychaudhuri equation, the first slow-roll condition is
imposed, which ensures that the effective potential of the
scalar field dominates over its kinetic energy as

1.
§¢2 < Vpp(d) 29

This inequality ensures that the energy density is
large enough and nearly constant to drive inflation. Fur-
thermore, to ensure that inflation persists for an extended
period, the dynamics of the scalar field must be governed
predominantly by the Hubble friction term

Ipl < 12H|. (30)

These conditions collectively ensure that the inflaton
rolls slowly along its potential, giving rise to an approx-
imately de Sitter phase characterized by a quasi-constant
Hubble rate.

From Eq.(29) and Eq.(22), the slow roll condition is
satisfied when

2

1 .
Versa < V() 31)

2 [3H{1+$/3H)}

which gives the slow-roll parameters, denoted by € and 7

are defined as

1 (Vi) Vers ()
= — - s = . N 32
) (ngf(@) Verr(9) G2

where V.:r(¢) is the effective inflaton potential and
V,;s(¢) is its derivative with respect to the field ¢. A
small value of € (that is, € < 1) indicates that the Hubble
parameter is nearly constant, which is a key requirement
to sustain inflation. Similarly, the second slow-roll para-
meter, #, measures the influence of the acceleration of the
inflaton on the inflationary dynamics. Inflation continues
as long as n <1, ensuring that the inflaton rolls slowly
enough for the universe to expand exponentially. Collect-
ively, these parameters characterise the flatness and shape
of the inflaton potential and play a crucial role in predict-
ing observable quantities such as the scalar spectral in-
dex and tensor-to-scalar ratio.

The spectral index n, and scalar to tensor ratio r, in
terms of slow roll paramters are given as

ng=1-6€+2n, r = 16e€. (33)
And, the amount of inflation is quantified by the num-
ber of e—folds,

Nz/EH(t)dt, (34)

where ¢, denotes the horizon-exit time of the pivot scale
and ¢z marks the end of inflation. Using the slow-roll re-
lation for ¢, this can be written in field space as

173 PE 3H [ 1
N:/ H(z)dzz/ - Hdgbz/ ——d¢  (35)
z* 0. Verr s V2e

The field value at the end of inflation ¢, is determ-
ined from the condition e(¢z) = 1, while the value ¢, rel-
evant for CMB observables is fixed by requiring N = 60.

To gain further insight into the model we consider a
Gaussian-type potential [37] and different mass terms of
neutrinos as

V(g) = Vo(1 —e ),
mgeﬁ"’,

mog", (36)
myg"eP?.

my,(¢) =

where a and f are the positive constants and m, is the
neutrino mass at ¢ = 0.
During the inflationary epoch, it is common to ap-
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proximate p,—3p, ~0, assuming that neutrinos remain
ultrarelativistic and their contribution to the effective po-
tential is negligible. However, in the present analysis, we
relax this approximation and explicitly retain the trace
term by solving the Fermi—Dirac integrals for the neut-
rino energy density and pressure across both relativistic
and nonrelativistic regimes. In the inflationary epoch con-
sidered here, the neutrino sector remains in the relativist-
ic regime (m,(¢) < T,), and the analysis retains only the
small trace contribution. Using the approximate relations

T (In* (mv((ﬁ))z
Pv = = (120—24 T, > (37)
T (12t #° (my((15)>2
Pr= 32 (m‘s r, ) ) ©8)
the trace contribution is obtained as
1 T,0\>
pu=3p, =43 (MO ) @9)
12 a

The neutrino contribution to the effective potential
enters only through m,(¢)T,, where the neutrino temper-
ature scales as T, =T,o/a. In the inflationary epoch, we
work in dimensionless units by fixing the reference tem-
perature T,, = 1. This choice does not represent a physic-
al neutrino temperature during inflation, but merely sets
the normalization of the comoving momentum scale.
Since T, appears only through the term m,(¢)T,, the
value of T,y can be absorbed into a redefinition of the
mass scale m, and the coupling parameters, leaving the
shape of the effective potential, the slow-roll parameters,
and the inflationary dynamics unchanged. All plots and
numerical evaluations in the upcoming sections are there-
fore produced with 7,, = 1. In the following, we perform
a case-by-case analysis corresponding to different func-

Potential
o

-4 -2 [ 2 4

Fig. 1.

tional dependencies of the neutrino masses on the scalar
field.

A. Case I: Exponential Potential, m,(¢) = mge®

We begin our analysis by considering an exponential
dependence of the neutrino mass on the scalar field,
m,(¢) = meeP?, which represents one of the simplest and
most widely studied realizations of mass-varying neut-
rino (MaVaN) models. In this case, the coupling between
the neutrino sector and the scalar field modifies the in-
flaton dynamics through a f-dependent correction to the
effective potential.

In Fig. 1, we compare the bare scalar potential V(¢)
with the effective potential V.z(¢) in the mass-varying
neutrino (MaVaN) scenario with an exponential neutrino
mass, for fixed parameters V, =2 and @ =2. The black
solid curve represents the bare potential, while the
colored dashed curves correspond to the effective poten-
tial for different values of the coupling parameter f. For
small coupling strengths, V.g(¢) closely follows the bare
potential, indicating that neutrino back reaction term 39 is
negligible. As f increases, the effective potential be-
comes progressively shallower around its minimum and
exhibits a steeper rise at large positive field values, re-
flecting the growing contribution of the neutrino sector to
the total energy density. For sufficiently large values of f3,
as shown in the right panel of Fig. 1, the effective poten-
tial increases rapidly for positive ¢, while for negative ¢ it
closely follows the standard scalar potential. This de-
formation modifies both the slope and curvature of the in-
flationary potential, thereby influencing the slow-roll dy-
namics and the resulting inflationary observables. The
figure clearly demonstrates that the coupling parameter S
plays a crucial role in shaping the effective potential and
controlling the impact of neutrino mass variation on infla-
tionary evolution.

To quantify the impact of the MaVaN mass variation
on the inflationary dynamics, we evaluate the slow-roll
parameters derived from the effective potential. These

3.0f

25F

20F

Potential
o

0.5F

0.0F

-4 -2 0 2 4

(color online) Comparison of the bare potential V(¢) and the effective potential Veg(¢) for a MaVaN mass m,(¢) = moe’® where

mo = 1 in appropriate units. The plot shows the effect of the coupling parameter f for fixed Vp =2, a=2.
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parameters characterize the validity of the slow-roll re-
gime and form the basis for computing the key inflation-
ary observables, namely the scalar spectral index n, and
the tensor-to-scalar ratio 7.

The slow-roll parameters are evaluated as,

1 2Voage +8(p,~3p)
S 2\ Vo (1) +(o,=3p)) )
_ 2Voae ' (1-2a¢%) +(p, —3p,)

VO (1 - 6704)2) + (,OV - 3pv)

(40)

The slow-roll parameters € and # are influenced by
the coupling parameter S, which governs the effect of
neutrino backreaction on the inflationary dynamics. For
smaller £, the slow-roll conditions e< 1 and |p| <1 re-
main satisfied, ensuring a prolonged inflationary phase.

Fig. 2 illustrates the time evolution of the first and
second slow-roll parameters, € (left panel) and # (right
panel), for the MaVaN inflationary scenario with fixed
parameters V, =2 and o =2.2, and for three representat-
ive values of the coupling parameter 8 =0.1, 0.2, and 0.3.
In both panels, the slow-roll parameters decrease rapidly
at early times and subsequently approach small, nearly
constant values, indicating a sustained slow-roll regime.
The initial magnitudes of € and # increase slightly with
increasing f, reflecting the enhanced contribution of the
neutrino sector to the effective potential. However, for all
coupling values considered, both parameters remain well
below unity throughout the evolution, ensuring the valid-
ity of the slow-roll approximation and the occurrence of
successful inflation. This behavior demonstrates that
while the neutrino—scalar coupling modifies the early-
time dynamics, it does not spoil the slow-roll conditions
for the parameter ranges explored.

The Spectral index n, and scalar-to-tensor ratio are
evaluated as,

= 010

0.0 0.5 1.0 15 20 25 3.0
t

Fig. 2.

2Vpage ™ + 80, ~3p) \
ng=1-3
VO (1 _e70¢2) + (pv - 3pv)
2Woae ™ (1= 2a¢?) +B(o, - 3p,)
+2 ,
Vo (1 —e %) +(p,—3p,)

(41)

—a¢? 2
r=16c=8 2V06l¢6 ¢2+ﬁ(pv _3pv) ) (42)
Vo(1—-e%) +(p,—3p,)

Fig. 3 illustrates the plot of inflationary observables
ns, vs. B and r vs. f for assumed values of V,=2 and
a =2.2. The left panel shows that the allowed values of
coupling jparameter f are constrained through observa-
tional upper and lower limit of n,. As the coupling
strength increases, the curvature of the effective potential
is.enhanced, leading to a monotonic decrease in n,. The
horizontal dashed lines indicate the Planck observational
bounds, 0.9607 < n, < 0.9691, which restrict the allowed
range of the coupling parameter to 0.243 <8< 0.312. The
right panel depicts the tensor-to-scalar ratio » vs. f3, exhib-
iting a rapid growth of » for larger coupling values due to
the corresponding increase in the slow-roll parameter e.
The dotted and dashed horizontal lines denote the obser-
vational upper limits r <0.1 and r ~0.065, respectively,
yielding the allowed range 0.661 < < 0.730. Notably,
within the parameter space explored, we find no overlap-
ping range of the coupling parameter S for which both the
scalar spectral index n, and the tensor-to-scalar ratio r
simultaneously satisfy the current observational bounds.
This result highlights the strong sensitivity of inflation-
ary observables to neutrino mass variation and suggests
that consistency with observations may be achieved for
alternative choices of the initial parameters V, and a.

It is interesting to further examine the correlation
between the tensor-to-scalar ratio » and the scalar spec-

1!

05

0.0+

0.0 0.5 1.0 1.5 20 25 3.0
t

(color online) Evolution of the first (left panel) and second (right panel) slow-roll parameters, e and #, respectively, for the ex-

ponential MaVaN mass model with V=2 and « =2. The blue, red, and purple curves correspond to the coupling parameters g = 0.1,

B=0.2, and g =0.3, respectively.
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097 B=0.243, n_s=0.969

ns

£=0.312, n_s=0.9607

0.0 02 0.4 0.6 08 1.0
B

Fig. 3.

N [ B=0.730, r = 0.100

B=0.661,r=0.064

0.0 0.2 0.4 0.6 0.8 1.0

(color online) Left panel: Plot of spectral index n, vs. 8 parameter with Vo =2 and a =2.2 for m,(¢) = moe®® where mg = 1. The

above dashed red straight lines shows the observational upper limit of n; =0.9691 and the straight dashed blue line is lower limit of

ng =0.9607. The value of coupling parameter f must lie between 0.243 <8 < 0.312. Right panel: Represents the plot between tensor-to-

scalar ratio » vs f parameter. The dotted straight line represent upper limit with-» <0.1 and the other observational limit with dashed

straight line 0.065. The observational constraints on the coupling parameter f are 0.661 < 8 < 0.730.

tral index n; by plotting » versus n, for fixed values of the
coupling parameter f. Fig. 4 illustrates this correlation for
the exponential MaVaN scenario, highlighting how the
inflationary observables evolve for fixed . The purple
and red curves correspond to 8 =0.980 and 8 =0.975, re-
spectively, with parameters fixed at V=2 and @ =4. As
the scalar field evolves during inflation, the model traces
trajectories in the (n,,r) plane, reflecting the underlying
slow-roll dynamics governed by the effective potential.
The horizontal observational bounds on the tensor-to-
scalar ratio are indicated, and the black dots mark the in-
tersection points of the model predictions with these lim-

(0.9804, 0.100)

(0.9927, 0.100)

(0.9185, 0.065)

(0.9335, 0.065)

0.90 0.92 0.94 0.96 0.98 1.00

Fig. 4. (color online) Plot between tensor-to-scalar ratio » vs
spectral index n; for exponential MaVaN for two values of
coupling parameter S the purple line for 8 =0.980 and red line
for §=0.975. We assume V; =2 and @ = 4. The points of inter-
section are shown with black dot with
(ng,r) = (0.9185,0.065), (0.9804,0.100) for £ =0.980
(ng,r) = (0.9335,0.065),(0.9927,0.100) for 8 =0.975

values
and

its; explicitly identifying the corresponding values of
(ns,7). For B=0.980, the intersections occur at (n,,7) =
(0.9185,0.065) and (n,,r) = (0.9804,0.100), while for B =
0.975 they occur at (n,,r) =(0.9335,0.065) and (n,,r)=
(0.9927,0.100). For these values of S, the observationally
allowed range of n, is consistent with the tensor-to-scalar
constraint r<0.1. This behavior highlights the strong
sensitivity of the joint (n,,r) predictions to the neutrino-
scalar coupling and demonstrates how combined observa-
tional constraints can be employed to delineate viable re-
gions of parameter space in the MaVaN framework.

We now examine the quantitative behaviour of the ef-
fective mass. For a Gaussian-type scalar potential and an
exponentially varying neutrino mass, m,(¢) = mye®?, the
effective potential is given by

Veﬁ(¢) = V(¢)+eﬂ¢ (ﬁv_3ﬁv) 5 (43)
where p, = p,e?* and p, = p,e? are independent of ¢ [,
In the regime a¢? > 1, the minimum of the effective po-
tential is located at

B

_7(pv_3pv)a

min = 44
¢ v (44)

assuming « > 0 and g8 > 0. The effective mass of the scal-
ar field is defined as

PV

2 = 45
meff a¢2 b=t ’ ( )
which yields
2 L, — 3 . 2
=20V + o, = 3p) - O )
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This expression shows that the coupling between the
scalar field and mass-varying neutrinos can induce a neg-
ative (tachyonic) contribution to the effective mass. In
particular, for positive a, 5, V,, and (o, —3p,), the effect-
ive mass squared becomes negative when

B (b, =3p,)* > 2aVi +VoB(p, = 3p)), (47)
indicating an instability in the scalar sector driven by the
neutrino coupling.

B. Case II: Power Law, m,(¢) = my¢"

For a power-law neutrino mass of the form m,(¢) =
my¢", we show the comparison plot of the scalar field po-
tential V(¢) and the effective potential Vg(¢p) for differ-
ent values of the coupling parameter n. The black solid
curve represents the original potential V(¢), which exhib-
its a symmetric shape with a well-defined minimum at
¢ =0. The colored dashed curves correspond to the ef-
fective potential Vg(¢). It is evident that the inclusion of
the coupling between the scalar field and neutrinos signi-
ficantly modifies the potential away from the minimum.
For small values of the coupling parameter 7, the effect-
ive potential closely follows the bare potential near the
minimum, indicating that neutrino backreaction is weak
in this regime. However, as n increases, the effective po-
tential becomes progressively steeper and rises more rap-
idly for large values of |¢|, reflecting the increasing con-
tribution of the neutrino sector to the total energy density.
In particular, for larger values of n, the deviations of
Ver(¢p) from V(¢) become more pronounced at large field
values, demonstrating that stronger power-law coupling
enhances the sensitivity of the effective potential to the
scalar field.

The neutrino—scalar coupling deforms the effective
potential by modifying its slope and curvature, thereby
affecting the inflationary dynamics. We therefore evalu-
ate the slow-roll parameters, which determine the scalar
spectral index n, and the tensor-to-scalar ratio ».The
slow-roll parameters are evaluated as,

2Woage? + %(pv ~3p,)

1
T2\ e ) v -3p )
2Woae ¥ (1-2a4%) + ”(';Z Do, ~3p,)
n (48)

Vo (] —e*""’z) +(pv_3pv)

Fig. 6 illustrates the time evolution of the first (left
panel) and second (right panel) slow-roll parameters, e(z)
and n(r), respectively, for the power-law MaVaN scen-
ario with Vp =2 and @ =2. The blue, red, and purple
curves correspond to the coupling parameters n=0.1,

Fig. 5. (coloronline) Comparison of V(¢) and V.q(¢) for a
power-law MaVaN mass m, (¢) = mo¢" with mg = 1, for differ-
ent values of 7 and fixed Vy =2, a =2.

n=0.5;and n = 1, respectively. The left panel shows that
the first slow-roll parameter e decreases rapidly with time
for all values of n and remains well below unity
throughout the evolution, indicating that the slow-roll
condition is satisfied and inflation proceeds consistently
in this regime. Increasing the coupling parameter n
slightly delays the decay of e, reflecting a mild enhance-
ment of the effective potential slope due to the neutrino
coupling.

The right panel displays the evolution of the second
slow-roll parameter #, which exhibits a more sensitive de-
pendence on the coupling parameter. While # initially de-
creases in magnitude for all cases, larger values of » lead
to more pronounced deviations and mild oscillatory beha-
vior at later times. Nevertheless, || remains sufficiently
small during the relevant inflationary phase, ensuring the
validity of the slow-roll approximation. The transient os-
cillations observed for larger n originate from the in-
creased curvature of the effective potential induced by the
power-law neutrino mass coupling. Overall, Fig. 6
demonstrates that the power-law MaVaN coupling modi-
fies the detailed evolution of the slow-roll parameters
without spoiling the inflationary dynamics.For large
value of coupling term » enhances the sensitivity of € and
n to the scalar field evolution, but the slow-roll condi-
tions remain intact, confirming the consistency of the in-
flationary scenario within the explored parameter range.

The Spectral index n, and Scalar-to-tensor ratio r are,

2
2Woage ™ + g(pv ~3p,)

,=1-3
. Vo (1-e#) +(p, - 3p,)
) nn—1
2Voae™ " (1 _2a¢2)+ (¢2 )(pv_3pv)
+2 > ,
Vo (1-e72%") + (o, —3p,)
(49)
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2Wpage ™ + g(pv ~3p,)

r=16e =38 VO(l—e‘“¢2)+(py—3py)

(50)

In Fig. 7, we plot the spectral index n, and tensor-to-
scalar ratio » w.r.t. the parametric space of the coupling
parameter n for power law MaVaN scenario with the ini-
tial parameter Vo =2 and a =1.9. The left panel shows
the variation of the scalar spectral index n; with n, where
the solid curve exhibits a monotonic increase in n,. The
red and blue dashed horizontal lines indicate the Planck
observational bounds n, =0.9691 and n,=0.9607, re-
spectively, which constrain the coupling parameter to the
narrow range 0.300 <n < 0.352. The right panel depicts
the tensor-to-scalar ratio » versus n, demonstrating a rap-
id growth of » with increasing coupling strength. The dot-
ted and dashed horizontal lines correspond to the obser-
vational upper limits r <0.1 and r=~0.065, yielding the
allowed range 0.755 <n < 0.891. Similar to the exponen-

0.0 0.5 1.0 15 20 25 3.0
t

Fig. 6.

tial case, within the parameter space explored, we find no
overlapping range of the coupling parameter » for which
both n, and r simultaneously satisfy the current observa-
tional bounds. This strong sensitivity suggest to probe the
inflationary observables for alternative choices of the ini-
tial parameters V, and a.

Fig. 8 presents the plot between the tensor-to-scalar
ratio 7 and the scalar spectral index n, for assumed initial
values V, =2 and @ =2.5. The red and blue curves cor-
respond to the coupling parameters n=0.99 and n=1.2,
respectively. As inflation proceeds, the evolution of the
scalar field traces trajectories in the (n,,r) plane, reflect-
ing the slow-roll dynamics governed by the effective po-
tential modified by the neutrino coupling. The horizontal
dashed lines indicate the observational upper bounds,
namely r ~ 0.065 and r <0.1.

For smaller values of the coupling parameter n <1,
the » remains highly suppressed throughout the evolution,
and the corresponding trajectories do not intersect the ob-

Il

05F
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0.0 0.5 1.0 1.5 20 25 3.0
t

(color online) Evolution of the first (left panel) and second (right panel) slow-roll parameters, € and #, respectively, for the

power law MaVaN mass model with Vo =2 and a =2. The blue, red, and purple curves correspond to the coupling parameters n = 0.1,

n=0.5, and n = 1, respectively.
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n=0.891,r=0.100

1 =0.755, r = 0.064
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(color online) Left panel: Plot of spectral index n, vs. n parameter with Vy =2 and a = 1.9 for m,(¢) = my¢", where mo = 1. The
p P p

above dashed red straight lines shows the observational upper limit of n; =0.9691 and the straight dashed blue line is lower limit of
ns = 0.9607. The value of coupling parameter n» must lie between 0.300 < n < 0.352. Right panel: Represents the plot between tensor-to-
scalar ratio » vs n parameter. The dotted straight line represent upper limit with < 0.1 and the other observational limit with dashed
straight line 0.065. The observational constraints on the coupling parameter /5 are 0.755 < n < 0.891.



Inflation Driven by Scalar-Neutrino Coupling in a Mass-Varying Neutrino Framework

Chin. Phys. C 50, (2026)

(0.940, 0.066)
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Fig. 8. (color online) Plot between tensor-to-scalar ratio » vs
spectral index n, for power law mass of MaVaN for two val-
ues of coupling parameter n, the red line for n=0.99 and the
blue line for n=1.2. We assume V; =2 and a =2.5. The only
intersection point is (n,7) = (0.940,0.66) for n=1.2.

servational bounds. In this regime, r stays well below the
observational limits for values of n, within the observa-
tionally allowed range, indicating that tensor-mode pro-
duction is negligible. In contrast, for larger values of the
coupling parameter n > 1, as exemplified by n = 1.2, the
tensor-to-scalar ratio increases significantly and inter-
sects the observational bound at a single point. This inter-
section occurs at (ny,r) = (0.940,0.066), marking the only
configuration in this parameter set where the model pre-
dictions marginally satisfy the tensor-constraint. For this
case, consistency with observations on n, is satisfy for
the range r <0.065. These results demonstrate that the
power-law neutrino—scalar coupling plays a crucial role
in shaping the inflationary predictions. While smaller val-
ues of n lead to suppressed tensor modes and broad com-
patibility with observations, larger values of n enhance
tensor-mode production and severely restrict the allowed
region of parameter space.

For a Gaussian-type scalar potential and a power-law
varying neutrino mass, m,(¢) = my¢", the effective poten-
tial develops a minimum in the regime a¢* > 1. The loc-
ation of the minimum is given by

(oy=3py), (51

2 _
¢min__

o
2a V()

assuming o > 0 and n > 0. The effective mass of the scal-
ar field, defined as mgr = 0" Ver/0¢|,_, . takes the form

me = 2aVy +2an(p, —3p,) - 2a(n—1). (52)

This result indicates that the coupling between the
scalar field and mass-varying neutrinos can generate a
negative (tachyonic) contribution to the effective mass. In
particular, for n > 1 and positive a, Vj, and (o, —3p,), the
effective mass squared becomes negative when

2a(n—1) > 2aVy+2an(p, - 3p,), (53)
signalling an instability in the scalar sector induced by the
neutrino coupling. In contrast, for 0 <n < 1, the effective
mass remains positive for positive values of o and V;, en-
suring stability of the scalar field in this regime.

C. Case IlI: Mixed Form, m,(¢) = my¢"e??

For the mixed MaVaN mass scenario, we present in
Fig. 9 a comparison between the standard scalar potential
in the absence of neutrino coupling and the correspond-
ing effective potential. The left and right panels corres-
pond to the coupling parameters n=0.1 and n=0.5, re-
spectively. The solid black curve represents the Gaussian-
type scalar potential V(¢), which is symmetric and pos-
sesses a well-defined minimum at ¢ = 0. For n=0.1, the
effective potential Vz(¢) is shown for different values of
the coupling parameter /5. As f increases, the deviation of
the effective potential from the bare potential becomes in-
creasingly pronounced for large positive values of the
scalar field, indicating a growing contribution from the
neutrino sector. For value of n =0.5, a qualitatively simil-
ar behavior is observed for large positive field values,
where the effective potential deviates more strongly from
the bare potential as f§ increases. However, in this case,
the effective potential lies below the standard potential
for negative values of the scalar field, indicating a
stronger asymmetry induced by the mixed neutrino mass
coupling.

The neutrino-scalar coupling deforms the effective
potential by modifying its slope and curvature, thereby
affecting the inflationary dynamics. We therefore evalu-
ate the slow-roll parameters, which determine the scalar
spectral index n, and the tensor-to-scalar ratio ». The
slow-roll parameters are evaluated as

2

{ Woage ™ + <ﬁ + Z) (oy=3py)

€=

2 Vo (1-e%) +(p,~3p,) ’
Woae (1 —2a%) + (,82 L2 "("; 1)) (0, =3p))
T] = ¢ ¢ .

VO (1 _e_(wz) + (pv - 3pv)
(54)

The Spectral index n, and Scalar-to-tensor ratio » are
calculated,
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(color online) Comparison of the bare potential V(¢) and the effective potential Ve(¢) for a MaVaNa mass m,(¢) = mo¢” e for

mgy = 1.Left Plot: Shows the effect of the coupling parameter § and the power n for fixed Vo =2, @ =22 for n=0.1. Right Plot: illus-

trates the effect of for fixed Vp =2, «=2.2 for n=0.5.

2
Woage ™ + ng ~3p,)

s =1-3 2
. Vo(1=e#) +(p, - 3p»)
-1
Waae (1 -200%) + WD o, - 3p,)
+2 > ¢ ,
VO (1 —e ) + (pv _3pv)
(55)
2 n
2V00"¢67(Y¢ + 7(pv ~/ 3pv)
_ _ ¢
r=16e=238 >
VO (1 —e ) +(pv _3pv)
(56)

The mixed coupling form generalizes the previous
two cases, with the parameters £ and » jointly determin-
ing the strength and nature of the scalar—neutrino interac-
tion. While 8 governs the exponential sensitivity of m,(¢)
to the scalar field, the power-law index n introduces an
additional field-dependent modulation. As a result, the ef-
fective potentials slope and curvature, represented by the
slow-roll parameters ¢ and #, exhibit a richer dynamical
behaviour, allowing for a broader range of inflationary
and post-inflationary evolutions compared to the purely
exponential or power-law couplings.

Fig. 10 depicts the time evolution of the slow-roll
parameters e and # for values assumed V, =2 and a =2,
with a fixed power index n=0.5 and different values of
the coupling parameter S. The blue, red, and purple
curves correspond to 8=0.1, 3=0.2, and B=0.3, re-
spectively. From the left panel, it is evident that the slow-
roll parameter € rapidly decreases with time and quickly
approaches values much smaller than 1 for considered
values of f. This confirms that the inflationary dynamics
enter and remain within the slow-roll regime for different
coupling strengths. The right panel illustrates the evolu-

tion of #, which initially exhibits relatively large values
and then gradually decreases and remains less than 1, in-
dicating the validity of the slow roll approximation and
successful inflation.

In Fig. 11, we present the inflationary observables n,
and r for the parametric space of parameter f for the
mixed MaVaN scenario, considering two representative
values of n=0.2 (red curve) and n=0.0001 (orange
curve). The left panel shows the ranges of f§ that satisfy
the observational upper and lower bounds on the scalar
spectral index n,;. These ranges are found to be 0.06 <
B<0.14 for n=0.2 and 0.23 <B<0.27 for n=0.0001.
The right panel displays the corresponding constraints
from the tensor-to-scalar ratio r, yielding the allowed in-
tervals 0.38 <8< 0.44 for n=0.2 and 0.48 <3< 0.54 for
n =0.0001. Notably, there is no overlapping range for the
coupling parameter f that satisfies the current observa-
tional constraints on both n, and r.

To investigate the inflationary predictions of the
MaVaN framework, we numerically solve the coupled
background equations governing the evolution of the
scalar field and the scale factor in the presence of a modi-
fied effective potential. For fixed values of the potential
parameters V, and a, we perform a systematic scan over
the coupling parameter £ for selected values of n in Fig. 12.
This procedure generates continuous trajectories in the
(ns,r) plane as the coupling parameter § is varied. To
confront the model with current cosmological observa-
tions, we superimpose the observational bounds on the
tensor-to-scalar ratio, r < 0.1 and r ~0.065. A robust pro-
cedure is employed to identify the intersection points
between the model trajectories and the observational
bounds, thereby determining the corresponding values of
(ns,r,B) that are consistent with the data.

From Fig. 12, we find that only a very limited region
of parameter space satisfies the observational constraints.
In particular, for n=0.7, the trajectory intersects the
observational bound at B=~0.17, yielding (n,,r)=
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(color online) Evolution of the first (left panel) and second (right panel) slow-roll parameters, € and 7, respectively, for the

mixed form of MaVaN mass model with Vo =2 and a =2. The blue, red, and purple curves correspond to the coupling parameters

B=0.1,5=0.2,and g =0.2, respectively, with n=0.5.
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(color online) Left panel: Plot of spectral index n, vs. f parameter for the mixed MaVaN scenario with Vp =2 and @ =2.2.

The above dashed straight lines shows the observatioanl upper limit of n; =0.09691 and the straght dark line is lower limit of
ny =0.9607. For assumed value of n=0.2 and n=0.0001 the value of coupling parameter § must lie between 0.06 <B<0.14 and
0.23 <B<0.27, respectively. Right panel: Represents the plot between tensor-to-scalar ratio » vs f parameter. The upper limit black
straight line with r < 0.1 and the other observational limit with dashed straight line 0.065. The observational constraints on the coupling

parameter f are 0.38 <3 < 0.44 and 0.48 <8 < 0.54, respectively.

(0.963,0.065), which lies within the observationally al-
lowed range of the scalar spectral index.

For mixed form of the neutrino mass,m, (¢) = my¢"e*,
combining power-law and exponential dependence. The
corresponding effective potential can be written as

Ver(@) = V(@) +¢"¢” (p,—3D,). (57)
where (p,—3p,) does not depend on ¢. In the regime
a¢? > 1, the minimum of the effective potential is de-
termined by the extremization condition d:;;“ =0, which
yields

_ PP+

b = B2P? —8anV,P

da V()

; (58)

where £ = p, —3p,. One can obtain the ¢,,;, for exponen-
tial and power law cases by choosing n =0 and 8 =0, re-

spectively. The effective mass of the scalar field ob-
tained at @y, is

-1
mgﬁ = ZCL’V() - 4CL’2¢§11" Vo+ (n(n2 )

min

2
+ nﬂ
¢min

+ﬁ)@ (59)

Equation (59) shows that the simultaneous power-law
and exponential coupling between the scalar field and
mass-varying neutrinos can significantly modify the ef-
fective mass. Depending on the parameters (1,) and the
background neutrino density, the effective mass squared
may acquire a negative (tachyonic) contribution, provid-
ing a possible instability of the scalar sector. In appropri-
ate limits, Eq. (5§9) smoothly reduces to the pure power-
law and pure exponential cases discussed earlier.

IV. CONCLUSION

In this work, we explore cosmological framework
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Fig. 12.  (color online) Plot between tensor-to-scalar ratio r
vs spectral index ng for mixed form MaVaN for two values of
n, the red line for n=0.2 and orange line for n=0.7. We as-
sume Vp =2 and a =2.5. The points of intersection are shown
with blue and red dots with values
(ng,r,B8) = (0.852,0.100,0.49),(0.940,0.065,0.41) for n=0.2 ‘and

(ns,r,B8) = (0.917,0.100,0.24),(0.963,0.065,0.17) for n=0.7

where neutrino masses arise dynamically through their
coupling with a scalar field that also drives the inflation-
ary expansion of the Universe. We begin with the Ein-
stein—Hilbert action in a spatially flat FLRW spacetime,
and derive the Friedmann and Raychaudhuri equations, in
the presence of mass-varying neutrinos as a matter com-
ponent. The modified continuity relations describe the en-
ergy exchange between the scalar field and the neutrino
sector, illustrating how their interaction affects the over-
all dynamics. This coupling, introduced through the con-
formal function B(¢), leads to a nontrivial evolution of
the energy densities and thereby alters the standard cos-
mic expansion history. When the neutrino mass depends
explicitly on the scalar field, the model naturally gives
rise to a class of mass-varying neutrino (MaVaN) scenari-
os, providing a unified picture in which neutrino mass
generation and cosmological evolution are deeply inter-
connected.

Neutrinos were treated as a collisionless and kinetic-
ally decoupled sector, whose phase-space distribution
evolves according to the Liouville equation. Their energy
density and pressure were derived from the general
phase-space integrals, without assuming the existence of
a thermal neutrino bath during inflation. In the relativist-
ic regime relevant for inflation, the trace combination
(o,—3p,) is strongly suppressed and vanishes in the
strictly massless limit. Nevertheless, this trace provides a
parametrically small but nonzero contribution that enters
the scalar-field dynamics through an effective potential
Verr(¢), encoding the back reaction of the neutrino sector

on inflation.

We consider a Gaussian-type scalar potential and in-
vestigate three different form of the MaVaN mass
namely, an exponential form, a power-law form, and a
mixed power-law-exponential form. For each case, we
derived the corresponding effective potential, evaluated
the slow-roll parameters, and studied their time evolution
to assess the consistency of the inflationary phase. We
further computed the spectral index n, and the tensor-to-
scalar ratio r to constrain the coupling parameter through
current observational bounds.

Our results demonstrate that all three classes of neut-
rino mass couplings considered in this work are capable
of supporting a prolonged slow-roll inflationary phase for
suitable choices of parameters. However, the inflationary
observables exhibit a pronounced sensitivity to the neut-
rino—scalar coupling. In both the purely exponential and
power-law cases, the observational constraints on the
scalar spectral index n, and the tensor-to-scalar ratio 7 re-
strict the coupling parameters to narrow and generally
non-overlapping ranges. As a consequence, it is difficult
to simultaneously satisfy all current observational bounds
within these minimal realisations.

To further assess this behavior, we analysed the tra-
jectories in the (n,,r) plane for different values of the po-
tential parameters V;, and a. In the exponential mass case,
for coupling values 8= 0.980 and 8 = 0.975, the trajector-
ies intersect the observational tensor bounds at (n,,7) =
(0.9185,0.065) and (0.9804,0.100) for B=0.980, and at
(0.9335,0.065) and (0.9927,0.100) for 8= 0.975. For these
values of f, the scalar spectral index can lie within the
observationally allowed range while satisfying the tensor-
to-scalar constraint r < 0.1. In contrast, for the power-law
mass form, the corresponding trajectories generally do
not intersect the observational bounds. For coupling val-
ues n< 1, the tensor-to-scalar ratio remains highly sup-
pressed throughout the evolution, with » well below the
observational limits for values of n, within the allowed
range, indicating negligible tensor-mode production. For
larger coupling values n > 1, as illustrated by the repres-
entative case n = 1.2, the tensor-to-scalar ratio increases
significantly and intersects the observational bound at a
single point, (n,,r) =(0.940,0.066). This point represents
the only configuration in this parameter set where the
tensor constraint is marginally satisfied, with consistency
in n, achieved only for r <0.065. These features reflect
the strong deformation of the effective potential induced
by neutrino backreaction, which substantially alters both
its slope and curvature.

The mixed power-law—exponential coupling intro-
duces additional flexibility by combining the effects of
both functional forms. The joint dependence on the para-
meters (n,B3) leads to a richer phenomenology and allows
for a limited region of observational viability. Our numer-
ical analysis of the (n,,r) trajectories reveals that only a
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narrow region of parameter space satisfies current obser-
vational constraints. In particular, for n ~ 0.7, we find that
the model simultaneously satisfies the bounds on n, and r
at B~0.17, yielding (n,,r) =~ (0.963,0.065). Outside this
restricted region, the predictions typically fall outside the
observationally allowed range.

We further analyzed the stability of the scalar sector
by computing the effective mass at the minimum of the
effective potential. In all three MaVaN forms, the neut-
rino—scalar coupling can induce negative (tachyonic) con-
tributions to the effective mass for certain parameter
choices, leading to potential instabilities. While such in-
stabilities are absent in specific regions of parameter
space, particularly for moderate coupling strengths, they

place additional theoretical constraints on viable MaVaN
inflationary models.

Overall, our results demonstrate that mass-varying
neutrinos can play a nontrivial role in shaping the infla-
tionary dynamics, even when their contribution is para-
metrically suppressed during the relativistic phase. At the
same time, the strong sensitivity of inflationary observ-
ables to the neutrino-scalar coupling implies that current
and future precision measurements of n, and » provide a
powerful probe of MaVaN scenarios. Extensions of this
framework to alternative scalar potentials, different ini-
tial conditions, or post-inflationary epochs may further
clarify the viability of neutrino-assisted inflation and its
possible connections to late-time cosmology.
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