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Models of dark energy in which neutrinos interact with the scalar field supposed to be responsible for
the acceleration of the Universe usually imply a variation of the neutrino masses on cosmological time
scales. In this work we propose a parametrization for the neutrino mass variation that captures the
essentials of those scenarios and allows one to constrain them in a model independent way, that is, without
resorting to any particular scalar field model. Using WMAP 5 yr data combined with the matter power
spectrum of SDSS and 2dFGRS, the limit on the present value of the neutrino mass is my = m,(z =
0) < 0.43 (0.28) eV at 95% C.L. for the case in which the neutrino mass was lighter (heavier) in the past, a
result competitive with the ones imposed for standard (i.e., constant mass) neutrinos. Moreover, for the
ratio of the mass variation of the neutrino mass Am, over the current mass m, we found that
log[|Am,|/my] < —1.3 (—2.7) at 95% C.L. for Am, <0 (Am, > 0), totally consistent with no mass
variation. These stringent bounds on the mass variation are not related to the neutrino freestreaming
history which may affect the matter power spectrum on small scales. On the contrary, they are imposed by
the fact that any significant transfer of energy between the neutrino and dark energy components would
lead to an instability contradicting CMB and large-scale structure data on the largest observable scales.

DOI: 10.1103/PhysRevD.80.083506

I. INTRODUCTION

Since the accelerated expansion of the Universe was first
observed with type Ia supernovae (SN) [1,2], the case for a
cosmological constantlike fluid that dominates the energy
density of the Universe has become stronger and is well
established by now with the new pieces of data gathered
[3].

Several candidates for the accelerating component of the
Universe, generically dubbed dark energy (DE), have been
proposed [3-6], but understanding them theoretically and
observationally has proven to be challenging. On the theo-
retical side, explaining the small value of the observed dark
energy density component, p, ~ (1073 eV)*, as well as
the fact that both dark energy and matter densities contrib-
ute significantly to the energy budget of the present
Universe requires in general a strong fine-tuning on the
overall scale of the dark energy models. In the case in
which the dark energy is assumed to be a scalar field ¢
slowly rolling down its flat potential V(¢), the so-called
quintessence models [7], the effective mass of the field has
to be taken of the order m, = |d*V(¢)/dp?|'/?> ~
10733 eV for fields with vacuum expectation values of
the order of the Planck mass.

On the observational side, choosing among the dark
energy models is a complicated task [8]. Most of them
can mimic a cosmological constant at late times (that is, an
equation of state wy = p,/p, = —1) [9], and all data
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until now are perfectly consistent with this limit. In this
sense, looking for different imprints that could favor the
existence of a particular model of dark energy is a path
worth taking.

Our goal in this paper consists in understanding whether
the so-called mass-varying neutrinos (MaVaNs) scenario
[10-14] could be constrained not only via the dark energy
effects, but also by indirect signs of the neutrino mass
variation during cosmological evolution, since neutrinos
play a key role in several epochs [15,16]. An indication of
the variation of the neutrino mass would certainly tend to
favor these models (at least on a theoretical basis) with
respect to most DE models. One should keep in mind that
MaVaNs scenarios can suffer from stability issues for the
neutrino perturbations [17], although there is a wide class
of models and couplings that avoid this problem [18-22].

Similar analyses have been made in the past, but they
have either assumed particular models for the interaction
between the neutrinos and the DE field [23-25], or chosen
a parametrization that does not reflect the richness of the
possible behavior of the neutrino mass variations [26].

In order to be able to deal with a large number of models,
instead of focusing on a particular model for the coupling
between the DE field and the neutrino sector, we choose to
parametrize the neutrino mass variation to place general
and robust constraints on the MaVaNs scenario. In this
sense, our work complements previous analyses by assum-
ing a realistic and generic parametrization for the neutrino
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mass, designed in such a way to probe almost all the
different regimes and models within the same framework.
In particular, our parametrization allows for fast and slow
mass transitions between two values of the neutrino mass,
and it takes into account that the neutrino mass variation
should start when the coupled neutrinos change their be-
havior from relativistic to nonrelativistic species. We can
mimic different neutrino—dark energy couplings and allow
for almost any monotonic behavior in the neutrino mass,
placing reliable constraints on this scenario in a model
independent way.

Our work is organized as follows: in Sec. II we give a
brief review of the MaVaNs scenario and its main equa-
tions. In Sec. III we present our parametrization with the
results for the background and the perturbation equations
obtained within this context. The results of our comparison
of the numerical results with the data and the discussion of
its main implications are shown in Sec. IV. Finally, in
Sec. V the main conclusions and possible future directions
are discussed.

II. MASS-VARYING NEUTRINOS

In what follows, we consider a homogeneous and iso-
tropic universe with a Robertson-Walker flat metric, ds* =
a*(dm* + dr* + r*dQ?), where 7 is the conformal time
that can be written in terms of the cosmic time ¢ and scale
factor a as d7 = dt/a, in natural units (h = ¢ = kg = 1).
In this case, the Friedmann equations read

2 (Y _ @
H (a) 3m%, - M
. a2
H = _W(P + 3p), (2)
p

where the dot denotes a derivative with respect to confor-
mal time, and the reduced Planck mass is m, =

1/:/87G = 2.436 X 10'® GeV. As usual, p and p corre-
spond to the total energy density and pressure of the cosmic
fluid, respectively. The neutrino mass in the models we are
interested in is a function of the scalar field ¢ that plays the
role of the dark energy, and can be written as

m,(p) =M, [f(), 3

where M, is a constant and different models are repre-
sented by distinct f(¢).

The fluid equation of the neutrino species can be directly
obtained from the Boltzmann equation for its distribution
function [24],

p,+3Hp,(0+w,)=cald)dlp, —3p,). @

where a(¢) = dln[m,(¢)]/d¢ takes into account the
variation of the neutrino mass, and w, = p,/p, is the
equation of state of the species x. For completeness and
later use, we will define Q,, = p,/p.o, the standard den-
sity parameter, where the current critical density is given
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by poo = 3Hjm; = 8.099h* X 10~ eV*, and H, =
100~ kms~! Mpc ™! is the Hubble constant.

Since the total energy momentum tensor is conserved,
the dark energy fluid equation also presents an extra right-
hand side term proportional to the neutrino energy mo-
mentum tensor trace, 7¢,,, = (p, — 3p,), and can be writ-
ten as

po+3Hps(1+wy) = —ald)p(p, —3p,). (5

For a homogeneous and isotropic scalar field, the energy
density and pressure are given by
#? #>

— P 4 v(e) -2
Py =53 (¢) Py =57

and both equations lead to the standard cosmological
Klein-Gordon equation for an interacting scalar field,
namely,

V($)., (6)

av(g) _
dd

From the above equations one sees that, given a potential
V(¢) for the scalar field and a field-dependent mass term
m,(¢) for the neutrino mass, the coupled system given by
Egs. (1), (4), and (7), together with the fluid equations for
the baryonic matter, cold dark matter and radiation (pho-
tons and other massless species) can be numerically solved
[24]. Notice that a similar approach has been used for a
possible variation of the dark matter mass [27] and its
possible interaction with the dark energy [28,29], with
several interesting phenomenological ramifications [30-
35].

Following [31,33], Egs. (4) and (5) can be rewritten in
the standard form,

¢ +2Hd+a? —a*a(¢)(p, —3p,). (7

o, +3Hp,(1+we) =0,
)]
Pyt 35'-[p¢,(1 + wg’ff)) =0,

if one defines the effective equation of state of neutrinos
and DE as

a()d(p, —3p,)

W(eff) _ Py _
' pV 3:]-[[)1) ' (9)
o _ Ps . a(®)d(p, —3p,)
We = —F .
Pé 3Hpy

The effective equation of state can be understood in terms
of the dilution of the energy density of the species. In the
standard noncoupled case, the energy density of a fluid
with a given constant equation of state w scales as p
a3 However, in the case of interacting fluids, one
should also take into account the energy transfer between
them, and the energy density in this case will be given by

p(2) = po exp[3 fo (1 + weD())d In(1 + z’)], (10)
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where the index O denotes the current value of a parameter,
and the redshift z is defined by the expansion of the scale
factor, a = ag(1 + z)~! (in the rest of this work we will
assume a, = 1). For a constant effective equation of state
one obtains the standard result, —3(14we)
expected.

Notice that this mismatch between the effective and
standard DE equations of state could be responsible for
the ‘““phantom behavior” suggested by supernovae data
when fitting it using a cosmological model with noninter-
acting components [33]. This effect could be observable if
dark energy was coupled to the dominant dark matter
component. For the models discussed here, however, it
cannot be significant: the neutrino fraction today
(Q,0/Q 40 ~107%) is too small to induce an “effective
phantomlike” behavior.

As we commented before, the analysis until now dealt
mainly with particular models, that is, with particular
functional forms of the dark energy potential V(¢) and
field dependence of the neutrino mass a(¢). A noticeable
exception is the analysis of Ref. [26], in which the authors
use a parametrization for the neutrino mass a la Chevallier-
Polarski-Linder (CPL) [9,36,37]: m,(a) = m, +
m,, (1 — a). However, although the CPL parametrization
works well for the dark energy equation of state, it cannot
reproduce the main features of the mass variation in the
case of variable mass particle models. In the case of the
models discussed here, for instance, the mass variation is
related to the relativistic/nonrelativistic nature of the
coupled neutrino species. With a CPL mass parametriza-
tion, the transition from m; to m, always takes place
around z ~ 1, which is in fact only compatible with masses
as small as 1073 eV. Hence, the CPL mass parametrization
is not suited for a self-consistent exploration of all inter-
esting possibilities.

One of the goals in this paper is to propose and test a
parametrization that allows for a realistic simulation of
mass-varying scenarios in a model independent way, with
the minimum possible number of parameters, as explained
in the next section.

p*a

III. MODEL INDEPENDENT APPROACH

A. Background equations

As usual, the neutrino energy density and pressure are
given in terms of the zero order Fermi-Dirac distribution
function by

oy 8y
f (Q) eQ/TVO—}- 1’

where ¢ = ap denotes the modulus of the comoving mo-
mentum ¢; = gn; (8n;n; = 1), g, corresponds to the
number of neutrino degrees of freedom, and T, is the
present neutrino background temperature. Notice that in
the neutrino distribution function we have used the fact that
the neutrinos decouple very early in the history of the

1D
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Universe while they are relativistic, and therefore their
equilibrium distribution depends on the comoving momen-
tum, but not on the mass [16]. In what follows we have
neglected the small spectral distortions arising from non-
instantaneous neutrino decoupling [38]. Thus, the neutrino
energy density and pressure are given by

1 dqg

pV = g (277_)3 quZEfo(q)) (12)

_ 1 [ dq
Pr=34 ) @y

where €2 = g% + m2(a)a® (assuming that m, depends only
on the scale factor). Taking the time derivative of the
energy density, one can then obtain the fluid equation for
the neutrinos,

q2
qusz(q)?, (13)

) dlnm,(u)

Py + 3-7-[(,01/ + pV) = T;g{(pv - 3py)y (14)
where u = Ina = —In(1 + z) is the number of e-folds
counted back from today. Because of the conservation of
the total energy momentum tensor, the dark energy fluid
equation is then given by

dl
(15)

We can write the effective equations of state, defined in
Egs. (8), as

welf — py _ dlnm,(u) (1 B &)
Py du \3 p,

-t ()18 2)
The above results only assume that the neutrino mass
depends on the scale factor a, and up to this point, we
have not chosen any particular parametrization.
Concerning the particle physics models, it is important to
notice that starting from a value of w, and a function
m,(a) one could, at least in principle, reconstruct the scalar

potential and the scalar interaction with neutrinos follow-
ing an approach similar to the one in Ref. [39].

B. Mass variation parameters

Some of the main features of the MaVaNs scenario are
(i) that the dark energy field gets kicked and moves away
from its minimum (if m4 > H) or from its previous slow-
rolling trajectory (if m, < H) when the neutrinos become
nonrelativistic, very much like the case when it is coupled
to the full matter content of the Universe in the so-called
chameleon scenarios [40]; and (ii) that as a consequence,
the coupling with the scalar field generates a neutrino mass
variation at that time. Any parametrization that intends to
mimic scalar field models interacting with a mass-varying
particle (neutrinos, in our case) for the large redshift range
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to which the data are sensitive should at least take into
account those characteristics. Moreover, the variation of
the mass in most models (see [24], for instance) can be well
approximated by a transition between two periods: an ear-
lier one, in which the mass is given by m, and the present
epoch, in which the mass is given by m, (we will not
consider here models in which the neutrino mass behavior
is nonmonotonic). The transition for this parametrization,
as mentioned before, starts when neutrinos become non-
relativistic, which corresponds approximately to

1 eV my m
~ 1.40 —— ~2 X103
“NR <3Ty0)(1 eV) (1 eV

), (17)

where m; corresponds to the mass of the neutrino during
the period in which it is a relativistic species. Before zyr
we can treat the neutrino mass as essentially constant, since
the right-hand side (rhs) of the fluid equation is negligible
compared to the left-hand side (lhs), and therefore there is
no observable signature of a possible mass variation.

When the neutrinos become nonrelativistic, the rhs of
the DE and neutrino fluid equations becomes important,
and the neutrino mass starts varying. In order to model this
variation, we use two parameters, namely, the current
neutrino mass, mg, and A, a quantity related to the amount
of time that it takes to complete the transition from m to
my. That behavior resembles very much the parametriza-
tion of the dark energy equation of state discussed in [41],
except for the fact that in our case the transition for the
mass can be very slow, taking several e-folds to complete,
and must be triggered by the time of the nonrelativistic
transition, given by Eq. (17). Defining f =/[1 +
e [+ 8= /AT=1 gnd £, =[1 + e"=/A]7! we can use
the form

m, = my + (m; — mp) X T'(u, uxg, A), (18)
where
T, 1 + etw/A
F(M, UNR> A) = 1 E = [] 1 n e*[u(l“‘A)*uNR]/A ]
(19)
Starting at uxg = — In(1 + zng), the function I'(u, ung, A)

decreases from 1 to 0, with a velocity that depends on A.
The top panel in Fig. 1 gives the behavior of Eq. (18) with
different parameters; the bottom panel shows that in this
parametrization, the derivative of the mass with respect to
the e-fold number resembles a Gaussian function. The peak
of the quantity dm/du occurs at the value i = ung/(1 +
A); hence, for A < 1, the mass variation takes place
immediately after the nonrelativistic transition (i = ung)
and lasts a fraction of e-folds (roughly, 3A e-folds). For
1 = A = |ung| the variation is smooth and centered on
some intermediate redshift between zyg and 0, while for
A > |uyng|, the transition is still ongoing today, and the
present epoch roughly coincides with the maximum
variation.
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FIG. 1 (color online). Neutrino mass behavior for the parame-
trization given by Eq. (18). Top panel: Neutrino mass as a
function of log(a) = u/1In(10) for models with my = 0.5 eV
and different values of m; and A. Bottom panel: Neutrino
mass variation for the same parameters as in the top panel.

Although the functional form of I', Eq. (19), seems
complicated, one should note that it is one of the simplest
forms satisfying our requirements with a minimal number
of parameters. An example that could look simpler, but that
for practical purposes is not, would be to assume that the
two plateaus are linked together by a straight line. In this
case, we would need a parametrization of the form

my, u << UNR>
— u—u,
m, =4 mo+ (my — mo)[;= 2], ung = U= Ueng,
UNR ~ Uend
my, u> Uengds

where u.,q corresponds to the chosen redshift in which the
transition stops. Notice that in this case, we not only still
have three parameters to describe the mass variation, but
also the function is not smooth. Moreover, the derivative of
the mass with respect to u gives a top-hat-like function
which is discontinuous at both ung and u.,y4. In this sense,
it seemed to us that Eq. (18) would give us the best *“price-
to-earnings ratio”” among the possibilities to use phenom-
enologically motivated parametrizations for the mass-
varying neutrinos, although certainly there could be similar
proposals equally viable, such as for instance the possibil-
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ity of adapting for the mass variation the parametrization
used for the dark energy equation of state in [42,43]. There,
the transition between two constant values of the equation
of state exhibits a tanh[I",(u — u,)] dependence, where I,
is responsible for the duration of the transition and u, is
related to its halfway point.

In the rest of our analysis, we will use a couple of extra
assumptions that need to be taken into account when going
through our results. First, we will consider that only one of
the three neutrino species is interacting with the dark
energy field; that is, only one of the mass eigenstates has
a variable mass. The reason for this approximation is
twofold: it is a simpler case (compared to the case with 3
varying-mass neutrinos), since instead of 6 extra parame-
ters with respect to the case of constant mass, we have only
2, namely, the early mass of the neutrino whose mass is
varying, my, and the velocity of the transition, related to A.

Besides simplicity, the current choice is the only one
allowed presently in the case in which neutrinos were
heavier in the past. Indeed, we expect our stronger con-
straints to come from those scenarios, especially if the
neutrino species behaves as a nonrelativistic component
at the time of radiation-matter equality, given by 1 + z.q ~
4.05 X 104(Qoh?> + Q,0h?)/(1 + 0.23N) (here the in-
dices ¢ and b stand for cold dark matter and baryons,
respectively, and N is the effective number of relativistic
neutrinos). Taking the three neutrino species to be non-
relativistic at equality would change significantly the value
of zeq, contradicting CMB data (according to WMAPS,
1+ 75 = 3141%135 (68% C.L.) [44]). Instead, a single
neutrino species is still marginally allowed to be nonrela-
tivistic at that time.

To simplify the analysis, we also assumed that the dark
energy field, when not interacting with the neutrinos,
reached already the so-called scaling solution (see, e.g.,
[4] and references therein), i.e., the dark energy equation of
state w,, in Eq. (15) is constant in the absence of interac-
tion. Notice however that when the neutrinos become non-
relativistic the dark energy fluid receives the analogous of
the chameleon kicks we mentioned before, and the dark
energy effective equation of state, Eq. (16), does vary for
this period in a consistent way.

The upper panel of Fig. 2 shows how the density pa-
rameters of the different components of the Universe
evolve in time, in a typical MaVaNs model. The lower
panel displays a comparison between mass-varying and
constant mass models, in particular, during the transition
from m; to my. As one would expect, far from the time of
the transition, the densities evolve as they would do in the
constant mass case.

C. Perturbation equations

The next step is to calculate the cosmological perturba-
tion equations and their evolution using this parametriza-
tion. We chose to work in the synchronous gauge, and our
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FIG. 2 (color online). Top panel: Density parameters for the
different components of the Universe versus log(a) = u/ In(10)
in a model with m; = 0.05 eV, my = 0.2 eV, A = 10, and all
the other parameters consistent with the present data. The
radiation curve include photons and two massless neutrino
species, and matter stands for cold dark matter and baryons.
The bump in the neutrino density close to log(a) = —0.5 is due
to the increasing neutrino mass. Bottom panel: Density parame-
ters for two different mass-varying neutrino models. The solid
black curves show the density parameter variation for two
distinct constant mass models, with masses m, = 0.05 eV and
m, = 0.2 eV. The dashed (red) curve shows a model in which
the mass varies from m; = 0.2 eV to my = 0.05 eV, with A =
0.1, and the dotted (blue) line corresponds to a model with m; =
0.05 eV to my = 0.2 eV, with A = 10.

conventions follow the ones by Ma and Bertschinger [45].
In this case, the perturbed metric is given by

ds? = —a*dr* + a*(8,; + h;;)dx'dx’. (20)

In this gauge, the equation for the three-momentum of the
neutrinos reads [25]

,ms dpg oxi

i , 21
ox' drt 2D

dq 1 .
—_— = — = hi‘nin‘_a
dr 2 THittitty q

where, as in Eq. (4), we define
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dlnm,
dp¢

B(a)

_dlnm, (dpg\~!
"~ dlna (dlna) ’ (22)

Since the neutrino phase space distribution [45] can be
written as f(x', g, n;, 7) = fO(g)[1 + Y(x', g, n;, 7)], one
can show that the first order Boltzmann equation for a
massive neutrino species, after Fourier transformation, is
given by [24,25]

PHYSICAL REVIEW D 80, 083506 (2009)

This extra term comes from the fact that the comoving
energy € depends on the dark energy density, leading to an
extra term which is proportional to B.

Moreover, if we expand the perturbation W(k, ¢, n, 7) in
a Legendre series [45], the neutrino hierarchy equations
will read

= kg hding
€

ow h+6' dInf? 6 ding’
7\ dIn
—+ i KW+ (79— (k- ;
AL ( a2 T W = Lw, - 2wy +x
. 2 dinf® (26)
=—lﬁ—( K 5, (23) W, = qk P — 3 _(L ha 2 -)dlnf°
g~ dlng ( 1 3) 15 57 ding’
where 1 and h are the synchronous potentials in the . gk
Fourier space. Notice that the perturbed neutrino energy v, = m[f‘ye 1~ €+ D]
density and pressure are also going to be modified due to
the interaction, and are written as where
m2a? k a*m;, dinf®
0 mya — 9% 8 27
5 o For the dark energy, we use the ‘“fluid approach” [46]
38p, = 1 f0< .y g-nmya 5 P (b) (25)  (see also [47-49]), so that the density and velocity pertur-
(277 ) e bations are given by
|
33H (wy = E3)(By + gt ) = (1 + wy) 0y + 5 = EBpy(1 = 3608, + Byl = 3w,)5,]
PO Nt AL &7 T e TR W)y +3) = (COLBPy )0, + Bpy 9% s
’ L+ Bp,(1=3w,) ’

. [HO =38y + Bp,(
b0 = _[ 1+ Bp,(1
2

k p
+——226, — B(1 — v
1+ wy c¢5¢ Al 3WV)(P¢)

k2
dl

where the dark energy anisotropic stress is assumed to be
zero [50], and the sound speed 6(215 is defined in the frame
comoving with the dark energy fluid [51]. So, in the
synchronous gauge, the quantity c2 »=0Dg /8p 4 is related

to c(b through
28 _ a2 Py 0y Py 0y
36, = c¢(8¢ b ) k2 (30)
In addition, from Egs. (15) and (22), we have that

Py 1+ Bp,(1=3w,)

= 3w, )H (1 — 3w,)

puds pubs) 29)

3D

IV. RESULTS AND DISCUSSION

A. Numerical approach

Equipped with the background and perturbation equa-
tions, we can study this scenario by modifying the numeri-

|
cal packages that evaluate the CMB anisotropies and the
matter power spectrum. In particular, we modified the
CAMB code [52], based on CMBFAST [53] routines. We
use COSMOMC [54] in order to sample the parameter space
of our model with a Markov chain Monte Carlo technique.
We assume a flat universe, with a constant equation of
state dark energy fluid, cold dark matter, 2 species of
massless neutrinos plus a massive one, and ten free pa-
rameters. Six of them are the standard ACDM parameters,
namely, the physical baryon density ,h?, the physical
cold dark matter density () /2, the dimensionless Hubble
constant h, the optical depth to reionization 7.;,,, the
amplitude (A;) and spectral index (n,) of primordial den-
sity fluctuations. In addition, we vary the constant dark
energy equation of state parameter wy, and the three pa-
rameters accounting for the neutrino mass: the present
mass my, the logarithm of the parameter A related to the
duration of the transition, and the logarithm of the ratio of
the modulus of the mass difference over the current mass,
logu, where we define

—m
_|m1—m0| M+=,,T(l]_1, my > my,
m=— =1_m
m m_ =1 m—(‘) my < my.

All these parameters take implicit flat priors in the regions
in which they are allowed to vary (see Table I).
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TABLE 1. Assumed ranges for the MaVaNs parameters.
Parameter Range
mg 0< mo/eV <5
A —4 <logA <2
7 —6 <log(u;) <0

—6<log(u_) <0

Concerning the last parameter, notice that we choose to
divide the parameter space between two regions: one in
which the mass is decreasing over time (w4 ) and one in
which it is increasing (u_). We chose to make this sepa-
ration because the impact on cosmological observables is
different in each regime, as we will discuss later, and by
analyzing this region separately we can gain a better in-
sight of the physics driving the constraints in each one of
them. Moreover, we do not allow for models with wy <
—1, since we are only considering scalar field models with
standard kinetic terms.

For given values of all these parameters, our modified
version of CAMB first integrates the background equations
backward in time, in order to find the initial value of p,
leading to the correct dark energy density today. This
problem does not always admit a solution leading to
well-behaved perturbations: the dark energy perturbation
equations (28) and (29) become singular whenever one of
the two quantities, p, or [1 + Bp,(1 — 3w,)], appearing
in the denominators vanishes. As we shall see later, in the
case in which the neutrino mass decreases, the background
evolution is compatible with cases in which the dark
energy density crosses zero, while the second term can
never vanish. We exclude singular models by stopping the
execution of CAMB whenever p 4 <0, and giving a negli-
gible probability to these models in COSMOMC. The physi-
cal interpretation of these pathological models will be
explained in the next sections. For other models, CAMB
integrates the full perturbation equations, and passes the
CMB and matter power spectra to COSMOMC for compari-
son with the data.

We constrain this scenario using CMB data (from
WMAP 5 yr [44,55], VSA [56], CBI [57], and ACBAR
[58]); matter power spectrum from large-scale structure
(LSS) data (2dFGRS [59] and SDSS [60]); supernovae la
(SN) data from [61], and the HST Key project measure-
ments of the Hubble constant [62].1

"While this work was being finished, the SHOES (Supernova,
HO, for the Equation of State) Team [63] reduced the uncertainty
on the Hubble constant by more than a factor 2 with respect to
the value obtained by the HST Key Project, finding Hy, = 74.2 =
3.6 kms~! Mpc~!. However, since we are taking a flat prior on
H,, and our best-fit value for H,, is contained in their 1o region,
we do not expect our results to be strongly affected by their
results.
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Once the posterior probability of all ten parameters has
been obtained, we can marginalize over all but one or two
of them, to obtain one- or two-dimensional probability
distributions. We verified that the confidence limits on
the usual six parameters do not differ significantly from
what is obtained in the “vanilla model” [44], and therefore
we only provide the results for the extra neutrino and dark
energy parameters (Figs. 3, 4, 6, and 7, and Table II).

B. Increasing neutrino mass

In this model, the background evolution of the dark
energy component obeys Eq. (15), which reads after divi-
sion by p4

j dl
Po 3300 + wy) = T Pr 311 3w,)
Pe du py

=-I,-T, (32)

where the two positive quantities I'; and I'; represent,
respectively, the dilution rate and interaction rate of the
dark energy density. For any parameter choice, p 4 can only
decrease with time, so that the integration of the dark
energy background equation backward in time always
finds well-behaved solutions with positive values of p .
Moreover, the quantity [1 + Bp,(1 — 3w,)] appearing in
the denominator of the dark energy perturbation equations
is equal to the contribution of the dilution rate to the total
energy loss rate, I';/(I'; + I';). This quantity is by con-
struction greater than zero, and the dark energy equations
cannot become singular. However, when the interaction
rate becomes very large with respect to the dilution rate,
this denominator can become arbitrarily close to zero.
Then, the dark energy perturbations can be enhanced con-
siderably, distorting the observable spectra and conflicting
the data. Actually, this amplification mechanism is well
known and was studied by various authors [20,64,65]. It
was found to affect the largest wavelengths first, and is
usually referred to as the large-scale instability of coupled
dark energy models. The condition for avoiding this insta-
bility can be thought to be roughly of the form

I; <Al (33)

where A is some number depending on the cosmological
parameters and on the data set (since a given data set tells
how constrained the large-scale instability is, i.e. how
small the denominator [1 + Bp,(1 —3w,)] can be, i.e.
how small should the interaction rate remain with respect
to the dilution rate). The perturbations are amplified when
the denominator is much smaller than 1, so A should be a
number much greater than 1. Intuitively, the condition (39)
will lead to the rejection of models with small values of
(w & A) and large values of u . Indeed, the interaction rate
is too large when the mass variation is significant (large
p—) and rapid (small A). The dilution rate is too small
when wy is small (close to the cosmological constant
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limit). Because of that, it seems that when the dark energy
equation of state is allowed to vary one can obtain a larger
number of viable models if wy, > —0.8 early on in the
cosmological evolution [66,67].

We ran cOSMOMC with our full data set in order to see
how much this mass-varying scenario can depart from a
standard cosmological model with a fixed dark energy
equation of state and massive neutrinos. In our parameter
basis, this standard model corresponds to the limit
logu - — —oo, with whatever value of logA. The obser-
vational signature of a neutrino mass variation during dark
energy or matter domination is encoded in well-known
effects, such as (i) a modification of the small-scale matter
power spectrum (due to a different freestreaming history),
or (ii) a change in the time of matter/radiation equality [due
to a different correspondence between the values of
(wp, w,,, w,) today and the actual matter density at the
time of equality]. On top of that, the neutrino and dark
energy perturbations can approach the regime of large-
scale instability discussed above.

Our final results—namely, the marginalized 1D and 2D
parameter probabilities—are shown in Figs. 3 and 4. The
shape of the contours in (logu _,logA) space is easily
understandable with analytic approximations. The neces-
sary condition (33) for avoiding the large-scale instability
reads in terms of our model parameters

1+ A1 +T) 1 30,41 + wy)
“[ A ]<A[(1 ) —f)] 0,0-3w,)’
(34)

where we expressed the mass variation as

dlfif” N (1 —M;rxl ZA)(l —D =5 39

0 01 02 03 04 05 06 -6 -4 -2 0

mq (eV) Logyolu]
-1 -0‘.9 -0‘.8 -07 -4 -‘2 E) .2 4
Wy, Log,olAl

FIG. 3 (color online). Marginalized 1D probability distribution
in the increasing mass case m; < mg, for the neutrino/dark
energy parameters: mg, logo[u—] (top panels), wy, and logA
(bottom panels).
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Two limits can be clearly seen from this equation. For A <
1 (fast transitions), the upper limit on w_ reads

(36)

(1-D1=H1Q, (1 =3w,)’

This corresponds to the diagonal limit in the lower half of
the upper right panel of Fig. 4. In fact, the appearance of the
large-scale instability is seen in models localized at the
edge of the allowed region, as shown in Fig. 5.

In the opposite case of a very slow transition, A >> 1, it
is clear from Eq. (34) that the limit on wx_ should be
independent on A,

pe = A[(l “D - f)] a,(0—=3m,) 7

This limit corresponds to the almost vertical cut in the
upper part of the plane (logu _, logA) (upper right panel,
Fig. 4).

These conditions are easier to satisfy when at the time of
the transition, Qd,(l + wy) is large. So, in order to avoid
the instability, large values of w, are preferred. However, it
is well known that cosmological observables (luminosity
distance relation, CMB, and LSS power spectra) better fit
the data for w close to —1 (cosmological constant limit). In
the present model, the role of the large-scale instability is
to push the best-fit value from —1 to —0.96, but w, = —1
is still allowed at the 68% C.L.

The main result of this section is that the variation of the
neutrino mass is bounded to be small, not so much because
of the constraining power of large-scale structure observa-
tions in the regime where neutrino freestreaming is impor-
tant (i.e., small scales), but by CMB and LSS data on the
largest scales, which provide limits on the possible insta-
bility in DE and neutrino perturbations.

Indeed, for the allowed models, the mass variation could
be at most of order 10% for masses around 0.05 eV, and
less than 1% for masses larger than 0.3 eV: this is unde-
tectable with small-scale clustering data, showing that the
limit really comes from large scales.

With those results, we conclude that there is no evidence
for a neutrino mass variation coming from the present data.
In fact, as for most cosmological data analyses, the con-
cordance ACDM model remains one of the best fits to the
data, lying within the 68% interval of this analysis.

Nonetheless, better constraints will possibly be obtained
with forthcoming data, especially the ones that probe
patches of the cosmological ‘“desert” between z = 1100
and z=1, like CMB weak lensing [68], and/or cross
correlations of different pieces of data, like CMB and
galaxy-density maps [69]. We can estimate, for instance,
what is the favored redshift range for the neutrino mass
variation according to our results. Taking m, = 0.1 eV and
the mean likelihood values for logA and log[m,/m], one
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FIG. 4 (color online). Marginalized 2D probability distribution in the increasing mass case m; << my.

can see that the bulk of the mass variation takes place C. Decreasing neutrino mass
around z ~ 20, a redshift that possibly will be probed by
future tomographic probes like weak lensing [70,71] and
especially 21 cm absorption lines [72-75]. Those will help
not only to disentangle some degeneracies in the parameter
space, but will also allow for direct probes of the neutrino

In this case, the evolution rate of the dark energy density
is still given by Eq. (32) but with an opposite sign for the
interaction rate: it can be summarized as

mass in different redshift slices. Po — 1,41, (38)
Po

6000 = 100 L i

— - E C ]

V] L 4

M i | L 4

i - -

—_ L i

©  Looof 4 1000 F -

— r .

K I I ]

N A, I i

N—" L h r T
~
—~

: 100 b u_=10-%, A=0.27, m,=0.15eV \ |

— 2000 | = - ]

= F ____ p_=10"%, A=0.29, m,=0.15eV ]

i | | ___ u_= 103, A=1, m,=0.35eV ]

i l 1 0L u_=10-11, A=100, m,=0.15eV |
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FIG. 5 (color online). CMB anisotropies and matter power spectra for some mass-varying models with increasing mass, showing the
development of the large-scale instability. The cosmological parameters are set to our best-fit values, except for the ones shown in the
plot. The data points in the CMB spectrum correspond to the binned WMAP 5 yr data.
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FIG. 6 (color online). Marginalized 1D probability distribution
(red/solid lines) for the decreasing mass case m; > my, for
neutrino/dark energy parameters: mg, log[u ] (top panels),
wg, and logA (bottom panels).

with I'; and I'; both positive. In principle, the interaction
rate could overcome the dilution rate, leading to an in-
crease of p,. Hence, the integration of the dark energy
evolution equation backward in time can lead to negative
values of pg, and the prior p, >0 implemented in our
CAMB version is relevant. Still, the denominator [1 +
Bp,(1 —3w,)] can never vanish since it is equal to
Fd/ (Fd - Fi)~

Well before the transition, the interaction rate is negli-
gible and p,, is always negative. We conclude that 8 =
dlnm,/dp, starts from small positive values and in-
creases. If the condition

T, <T,

(39)

PHYSICAL REVIEW D 80, 083506 (2009)

is violated during the transition, p, will cross zero and
become positive. This corresponds to 8 growing from zero
to +o00, and from —oo to some finite negative value. After
I';/T'; has reached its maximum, 8 undergoes the opposite
evolution. Reaching p4 = 0 is only possible if p, has a
nonmonotonic evolution, i.e. if (39) is violated. However,
the perturbations diverge even before reaching this singular
point: when S tends to infinity, it is clear from Eq. (26) that
the neutrino perturbation derivatives become arbitrarily
large. We conclude that in this model, the condition (39)
is a necessary condition for avoiding instabilities, but not a
sufficient condition: the data are expected to put a limit on
the largest possible value of B, which will always be
reached before p 4 changes sign, i.e. before the inequality
(39) is saturated. Hence, the condition for avoiding the
instability is intuitively of the form of (33), but now with A
being a number smaller than 1.

We then ran COSMOMC with the full data set and ob-
tained the marginalized 1D and 2D parameter probabilities
shown in Figs. 6 and 7. The major differences with respect
to the increasing mass case are a stronger bound on m, a
much stronger bound on u _, and the fact that large values
of A are now excluded. This can be understood as follows.
In order to avoid instabilities, it is necessary to satisfy the
inequalities (36) and (37), but with a much smaller value of
A than in the increasing mass case; hence, the contours
should look qualitatively similar to those obtained previ-
ously, but with stronger bounds. This turns out to be the
case, although in addition, large A values are now ex-
cluded. Looking at the mass variation for large A in
Fig. 1, we see that in this limit the energy transfer takes
place essentially at low redshift. Hence, the interaction rate
is large close to z = 0. In many models, this leads to
positive values of p, at the present time, to a nonmono-
tonic behavior of the dark energy density, and to diverging

Log, gu,

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2
m, [eV]

m, [eV]

Log 102

0.3 0.4 0.5 0.6

+

Log, oH

Log 102

Log,gu,

FIG. 7 (color online).
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Marginalized 2D probability distribution for decreasing mass, m; > m.
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TABLE II.
small scale CMB + LSS + SN + HST data.

PHYSICAL REVIEW D 80, 083506 (2009)

Results for increasing and decreasing neutrino mass, using WMAP 5 yr +

(+) region 95% (68%) C.L.

(—) region 95% (68%) C.L.

We < —-0.85(<—-0.91)

moy (eV) <0.28 (< 0.10)

logu -+ < =27 (< —45)
logu Ce

logA [—3.84;0.53] ([—2.20;0.05])

< —0.87 (< —0.93)
<0.43 (<0.21)

<—13(<-3.1)
[—0.13;4] ([0.56; 4])

perturbations. This can only be avoided when w is large
with respect to —1, i.e. when the dilution rate is enhanced.
Hence, in this model, the need to avoid diverging pertur-
bations imposes a strong parameter correlation between w
and A. However, values of w greater than —0.8 are not
compatible with the supernovae, CMB, and LSS data set;
this slices out all models with large A.

The fact that the bound on m, is stronger in the decreas-
ing mass case is also easily understandable: for the same
value of the mass difference w~ = |m; — myl/my, a given
m corresponds to a larger mass m in the decreasing mass
case. It is well known that CMB and LSS data constrain the
neutrinos mass through its background effect, i.e. through
its impact on the time of matter/radiation equality for a
given dark matter abundance today. The impact is greater
when m is larger, i.e. in the decreasing mass case; there-
fore, the bounds on m,, are stronger.

V. CONCLUDING REMARKS

In this work we analyzed some mass-varying neutrino
scenarios in a nearly model independent way, using a
general and well-behaved parametrization for the neutrino
mass, including variations in the dark energy density in a
self-consistent way, and taking neutrino/dark energy per-
turbations into account.

Our results for the background, CMB anisotropies, and
matter power spectra are in agreement with previous analy-
ses of particular scalar field models, showing that the
results obtained with this parametrization are robust and
encompass the main features of the MaVaNs scenario.

Moreover, a comparison with cosmological data shows
that only small mass variations are allowed, and that
MaVaNs scenarios are mildly disfavored with respect to
the constant mass case, especially when neutrinos become
lighter as the Universe expands. In both cases, neutrinos
can change significantly the evolution of the dark energy
density, leading to instabilities in the dark energy and/or
neutrino perturbations when the transfer of energy between

the two components per unit of time is too large. These
instabilities can only be avoided when the mass varies by a
very small amount, especially in the case of a decreasing
neutrino mass. Even in the case of increasing mass, better
constraining the model with forthcoming data will be a
difficult task, since it mimics a massless neutrino scenario
for most of the cosmological time.

One should keep in mind that our analysis assumes a
constant equation of state for dark energy and a monotonic
behavior for the mass variation. Even though those features
are present in most of the simplest possible models, more
complicated models surely can evade the constraints we
obtained in our analysis.

Finally, those constraints will improve with forthcoming
tomographic data. If any of the future probes indicate a
mismatch in the values of the neutrino mass at different
redshifts, we could arguably have a case made for the
mass-varying models.
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