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A perturbative approach for arbitrary choices of the equmatif state of the universe is introduced
in order to treat scenarios for mass varying neutrinos (NN§Jecoupled to the dark sector. It al-
lows for considering viable varying mass neutrino modelgxbed to any quintessence-type field.
The Generalized Chaplygin model is considered as an exanypen certain conditions, the
usualstationary conditiorfound in the context of MaVaN models together with the pdrative
contribution can be employed to predict the dynamical ei@mtuof the neutrino mass. Results
clearly indicate that the positiveness of the squared spésdund of the coupled fluid and the
model stability are not conditioned by th&ationary condition
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MaVaN's in the GCG scenario

The existence of a cosmological neutrino background is aghediction of the cosmological
standard model, hence hints about their contribution tetlexgy density are quite relevant.

If from one hand, the most natural candidate to couple a SElaimuintessence-like scalar
field is the Higgs sector [1, 2], an exciting alternative is toupling to neutrinos as in the context
of the so-called mass varying neutrino (MaVaN) models [§,4, 7]. This last possibility is par-
ticularly interesting since the coupling of neutrinos te thark energy scalar field component may
lead to a number of significant phenomenological conseasgendctually, this coupling renders
the MaVaN mechanisms fairly natural. Indeed, if the neotrimasam, is generated by the dynam-
ical value of a cosmologically active scalar fieddnstead of through a vacuum expectation value
(VEV) it would be an evolving quantity.

The neutrino energy density and pressure are expressaagtheo Fermi-Dirac distribution
function without a chemical potentiaf,(q), whereq = \Tp\, and sub-index 0 denotes present-day
values. Assuming a flat Friedman-Robertson-Walker cosgyoldth ap = 1, one thus have
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and from Eq. (2), one can obtain the energy-momentum coasemfor the neutrino fluid
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whereH = &/a s the expansion rate of the universe anddbtdenotes differentiation with respect
to cosmic time.

The coupling between cosmological neutrinos and the séiglar as specified in Eq. (2) is
restricted to times when neutrinos are non-relativistiRIN. e. %@‘? ~ny(a) O a3[4,6,
8]. On the other hand, as long as neutrinos are relatividti¢af = Tyo/a >> my(¢(a))), the
decoupled fluids should evolve adiabatically since thengtteof the coupling is suppressed by the
relativistic increase of pressurg,(~ 3py).

Treating the system of NR neutrinos and the scalar field asfi@difiuid (UF) which adiabat-

ically expands with energy densibyr = py + Py and pressur@uyr = py + Py leads to

dm 9py
dp om,’

pur +3H(pur +pur) =0 = P+ 3H(Pp+ Py) = — (4)
where the last step is derived from the substitution of Epin® (4).

It is well known that the relative contribution of the enemgnsities components of the uni-
verse with respect to the one of the dark energy sector issaowih a problem. The assumptions
proposed in Ref. [4] and subsequently developed elsewl&r, [6, 10] introduce a stationary
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condition (SC) which allows circumventing the coincidemqreblem for cosmological neutrinos,
by imposing that the dark energy is always diluted at the sateeas the neutrino fluid, that is,

dV(e) _ dm, dp

dp  do om,’ ©)

This condition introduces a constraint on the neutrino ns&sse it promotes it into a dynamical
guantity, as indicated in Eq. (4). In this context, the maiatéire of the scenario of Ref.[4] is that,
in what concerns to dark sector, it is equivalent to a cosgicé constant-like equation of state
and an energy density that is as a function of the neutrinsIiTds

At our approach, the effect of the coupling of the neutrinadflio the scalar field fluid is
quantified by a linear perturbatiary (|€| << 1) such thatp — ¢ ~ (1+ €)@. It then follows a
novel equation for energy conservation

dv(¢)  dm, dpy
d¢p  d¢ om,’

®+3Ho+ (6)
After some straightforward manipulation one obtains f@ ¥hlue of the coefficient of the pertur-
bation [7]

_dm, dpy
£~ dg_om, )

s (3%2)]

for which the conditiorje| << 1 is required. Upon fulfilling all known phenomenologicatjuére-
ments, the above result allows for addressing a wide classalér field potentials and related
equations of state for various candidates for the dark s¢gtok energy and dark matter), which
through the SC would be incompatible with realistic neutninass generation models.

In order to verify under which conditions Eq. (5) agrees vath perturbative approach for a
given background equation of state, the coefficient of thedr perturbation should be given by

dav(e)
Tdo

[(pqu, (éd\étp )}

This means that one must search for a neutrino mass dependerbe scale factor for which the
above condition is satisfied. Thus, once one sets the equatitate for the dark sector, there will
be a period at late times for which the SC and the perturbaipgoach match. In particular, this
feature can be reproduced by the generalized ChaplyginG@&]) equation of state [11, 12].

Given a potential, the explicit dependencengf on the scale factor can be immediately ob-
tained from Eq. (5). Furthermore, it is necessary to deteenfior which values of the scale fac-
tor the neutrino-scalar field coupling becomes importardr donvenience one sets the value of
a = anR for which p, nr = pvur holds, usually established by the conditionnaf > T, that pa-
rameterizes the transition between the NR and the ultedivitic (UR) regime. In fact, this takes
place when

(lef << 1). (8)

m () = mo( @/ 9(a)" = X2 ©
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Figure 1: Present-day values of the neutrino magsand the corresponding values afgr for which the
transition between the NR and UR regimes takes place in tHeé @@nomenological scenario with=1/2
and variableAs. The increasingraylevelcorresponds to increasing valuesmy, for the boundary values
mp = 0.05eV, 0.1eV, 0.5eV, 1eV, 5eV, respectively.

wherey is estimated to be aboyt~ 94 considering thap, / pc. = Mo [€V]/(94h? [eV]), whereh

is the value of the Hubble constant in terms of k60s M pc~L. Such a correspondence between
anr and my is illustrated in the Fig. 1 for the case of = 1/2. Considering the whole set of
parameters that characterize the background fluid, oneasothat it is rather difficult to see that
the maximal value assumed by th@arameter corresponds to its present-day value.

One observes that the interval of parametgysang and eventuallya, for which our approx-
imation can be applieds(< 1), is valid fora > ayr and severally constrained by the imposition
anr S 1. For values ofAg (0.7 < As < 1) [13, 14] one finds that.@ < € < 1. Just under quite
special circumstances the usual SC and the perturbativeitmgion of MaVaN’s match. In the
original MaVaN scenario [4], the SC corresponds to the atialsolution H? < d2V/d<p2) of the
scalar field equation of motion. In this case, the kineticrgymdéerms of the scalar field can be
safely neglected. The consistency of our perturbativea@emith the stationary condition can be
achieved only when the kinetic energy contribution is ntgvant at late times.

For As = 0, the GCG behaves always as matter, whereag\fet 1, it behaves always as a
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Figure 2: Model independent perturbative modification on squareédé soundt? as a function of the
scale factor for the neutrino-GCG coupled fluid in compariggth the adiabatic GCG fluid foAs = 0.7
with a = 1,1/2,1/3, 1074, for a present-day value of neutrino mass,= 0.5eV.

cosmological constant. Consequently, it is natural thatrébevance of the kinetic energy term at
present times is suppressed when the paramgtgets close to unity, which further ensures the
agreement between the perturbative approach and the S¢sianal

Fig. 2 illustrates the results for an increasing neutrinssnaith the scale factor for a set
of phenomenologically consistent parameters in the comtiethe GCG model. Interestingly, for
my = 0.5eV, a fairly typical value, one can see that stable MaVaN pkaiions correspond to a
well defined effective squared speed of sound,

2. dpp

Cs ~ APyt v) > 0. (20)
The greater theng values, the more important are the corrections to the squapeed of sound,
up to the limit where the perturbative approach breaks dolowever, one finds that as far as
the perturbative approach is concerned, our model doesundhto stability problems in the NR
neutrino regime. In opposition, in the SC treatment, wheaxatninos are just coupled to dark
energy, cosmic expansion in combination with gravitatiairag due to cold dark matter have a
major impact on the stability of MaVaN models. Usually, fageneral fluid for which the equation
of state is known, the dominant behaviour aﬁﬁarises from the dark sector component and not
by the neutrino component. For the models where the SC (cf(3yimplies in a cosmological
constant-type equation of staf®, = —p,, one inevitably obtains2 = —1.

Thus, the perturbative approach is in agreement with thenggson that the coupling between
neutrinos and dark energy (and/or dark matter) is weak. fousnd that the stability condition
related to the squared speed of sound of the coupled fluigtopninantly governed by dark energy
equation of state. It also reproduces a dynamics simildragbdne of the weakly couplezbsmon
fields [15]. Such a troublesome behaviour should have alrbaén observed as the SC implies
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thatc2 = —1 from the very start, and the role of recovering the stabiditrelegated to the neutrino
contribution [10]. The loosening of the stationary conistr&q. (5) emerges from the dynamical
dependence oth, more concretely due to a kinetic energy component [7]. Timwedge of the
background fluid equation of state for the dark sector (th&@Cour example), and the criterion
for the applicability of the perturbative approach, doalim overcome th&2 negative problem,
independently from the neutrino mass dependence set byGhe S
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