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Neutrino masses and the number of light neutrino species can be tested in a variety of laboratory
experiments and also can be constrained by particle astrophysics and precision cosmology. A conflict
between these various results could be an indication of new physics in the neutrino sector. In this
paper we explore the possibility for reconciliation of otherwise discrepant results in a simple model
containing a light scalar field which produces Mass Varying Neutrinos (MaVaNs). We extend previ-
ous work on MaVaNs to consider issues of neutrino clumping, the effects of additional contributions
to neutrino mass, and reconciliation of eV mass sterile neutrinos with cosmology.

I. INTRODUCTION

Over the past twenty years, definitive evidence for
neutrino oscillations from a host of experiments has re-
vealed that neutrino masses are nonzero. Because neu-
trino masses cannot be accounted for in the standard
model (SM), this is a clue to physics beyond the SM.
Since oscillation experiments are only sensitive to the
difference in (squared) masses, the overall mass scale
is not known and only two mass differences have been
conclusively established, the so-called solar and atmo-
spheric mass splittings, Am% ~ 7.5 x 1075 eV? and
Am2,, ~ 2.4 x 1073 eV2. It has also been well estab-
lished that the neutrino mixing matrix, characterizing
the mismatch between weak interaction and mass eigen-
states, involves large mixing angles, in stark contrast to
the quark sector. While they may seem like an uninter-
esting example of new physics—we have seen other chi-
ral fermions obtain masses in the SM—mneutrino masses
could differ in a fundamental way from other fermion
masses. Because neutrinos are not charged under elec-
tromagnetism, their mass generation mechanism could
involve Majorana masses, violating lepton number, while
the nonzero charges of the other fermions requires their
masses to be of purely Dirac form. To generate neu-
trino masses in a way that does not disturb the success-
ful picture we have of electroweak symmetry breaking,
new neutrino states that are uncharged under the elec-
troweak gauge group (or “sterile” neutrinos, as opposed to
the “active” ones that carry electroweak charge) are typ-
ically invoked. Since they are gauge singlets, mass terms
for these sterile neutrinos need not involve Higgs fields,
which means that the mass scale in the sterile neutrino
sector is largely a free parameter. While there may be
theoretical bias for this scale to be very large compared to
the weak scale, it is entirely possible and self-consistent
that it is within reach of current experiments.

Indeed, there are phenomenological reasons to consider
a mass scale in the sterile neutrino sector as small as
an eV. Alongside this standard three neutrino picture,
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there have been a number of experimental hints of neu-
trino oscillations characterized by a squared mass split-
ting of Am? ~ O (1 eV?) and a mixing angle § ~ O (0.1);
these include short-baseline reactor experiments [I], the
flux of neutrinos from radioactive sources in gallium so-
lar neutrino experiments [2], and electron (anti)neutrino
appearance in muon (anti)neutrino beams [3]. To in-
terpret these data in terms of neutrino oscillations re-
quires an additional (sterile) neutrino around an eV and
a large mixing angle with the active neutrinos. For de-
tailed analyses, see, e.g., [4]. Tt should be noted that there
is generally tension between disappearance and appear-
ance data, as a recent search for v, and v, disappearance
at IceCube [5] shows, disfavoring the sterile neutrino in-
terpretation of electron (anti)neutrino appearance data.
However, a global fit including the IceCube results claims
that a relatively large active-sterile mixing is allowed [6].

Additionally, progress in the direct search for neutrino
masses has been ongoing. Searches using the endpoint
in tritium [-decay currently limit the electron neutrino
mass to less 2.05 eV at 95% CL [7]. The upcoming KA-
TRIN [8] and Project-8 [9] experiments hope to probe
masses down to about 0.1 — 0.2 eV in the near future.
Conceivably, the PTOLEMY experiment could use in-
verse beta decay to be sensitive to cosmological neutri-
nos [10].

In parallel with progress in neutrino measurements,
cosmology has entered an era of impressive precision, en-
abling cosmological tests of physics beyond the standard
model. We have direct observational evidence of the state
of the Universe up to temperatures of a few MeV, cor-
responding to the time of neutrino decoupling and pri-
mordial nucleosynthesis (BBN). The precise picture of
the Universe we now have at these temperatures and be-
low allows for new physics below an MeV, even if weakly
coupled, to be confronted with observation.

Because (active or sterile) neutrinos interact very
weakly with the rest of the Universe after decoupling—
acting as a form of noninteracting radiation until they
become nonrelativistic when they begin to act like dark
matter—their observational consequences are relatively
easy to understand. At early times, the cosmic microwave
background (CMB), structure formation, and BBN are
all sensitive to the energy density in neutrinos, which
can be related to their masses and, in the case of sterile
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neutrinos, their mixing with the active neutrinos. The
general agreement of these data with the standard cos-
mological picture based on three (essentially massless)
neutrinos allows constraints to be placed on additional
sterile neutrinos or on the masses of the active neutri-
nos. However, at late times, the neutrino energy density
is the only SM component that can have nonstandard
cosmology, which makes finding probes of this behavior
crucial.

In the case of a single massive sterile neutrino that is
fully thermalized at early times, an up-to-date fit to cos-
mological observations give an upper bound on its mass
(assuming the light, mostly active neutrinos’ masses are
negligible) of 0.53 eV [II]. In the standard case of only
three (active) neutrinos, the Planck analysis of only CMB
data constrains the sum of the light neutrino masses to
0.675 eV [12]. Including further cosmological data im-
proves the bounds to 0.3 eV [12] [I3]. Note that these up-
per limits are all at 95% CL. Improved observations could
allow values of the sum of the active neutrino masses
as small as 0.06 eV to be probed [I4]. Sterile neutri-
nos which are much lighter than an eV and have similar
abundance to the active neutrinos are disfavored by the
Planck determination of Neg [12].

At first glance, the null results from cosmological anal-
yses are in strong tension with the sterile neutrino inter-
pretation of the short baseline anomalies. In addition,
the projected reach in the limit on the sum of the neu-
trino masses in the standard three neutrino scenario com-
ing from cosmology seems to imply that current labora-
tory searches will not be sensitive enough to see nonzero
neutrino masses. However, these conclusions rely on the
assumption of a standard cosmological history. Thus, one
should view contemporary terrestrial experiments seek-
ing to measure neutrino masses or to test the sterile neu-
trino solution to short baseline anomalies as nontrivial
probes of cosmology. Some scenarios that allow for cos-
mological observations to be compatible with eV mass
neutrinos include coupling the sterile (with respect to
the SM) neutrinos to a new U(1) gauge boson [I5] or
pseudoscalar [111 [I6], allowing the sterile neutrinos to be
chiral under a new gauge group [I7], or the possibility
of resonant conversions to lighter states at temperatures
around a keV [I8].

In this paper we will focus on the reconciliation of eV
mass neutrinos with cosmology via the dependence of the
neutrino masses and mixing angles on the expectation
value of a non constant light scalar field. Neutrino masses
that vary cosmologically have been considered before to
address problems with dark matter [19] and the puzzle
of dark energy [20} 2], but we will consider this possibil-
ity more generally, including the possibility of additional
contributions to neutrino mass, the effects of neutrino
clustering, and models which do not give dark energy.
We will consider two scenarios. In § [[I] we consider a
MaVaN model containing a light scalar field with a loga-
rithmic potential, and find parameters such that eV mass
sterile neutrinos with sizable mixing angles are allowed

today which were always heavy enough at earlier times so
that these states were never populated in the early uni-
verse and have no observable effect on cosmology. In §[ITI]
we consider a scenario which allows the observed, active
neutrinos to have a mass which is today around an eV.
Because the masses were much lighter at high redshift,
cosmological observations indicate a much smaller mass.
In §[[V] we discuss a cosmologically viable supersymmet-
ric MaVaN scenario which could allow eV mass sterile
neutrinos to appear in terrestrial experiments.

II. A LOGARITHMIC POTENTIAL AND AN eV
STERILE NEUTRINO

A. A single active neutrino

We begin by describing a framework with one ac-
tive flavor, and will discuss incorporating three flavors
in § We introduce an active (i.e. electroweak dou-
blet) neutrino, v, and a sterile (i.e. electroweak singlet)
neutrino, N. After electroweak symmetry breaking, their
masses are generated by

‘Cmass - _mDVN — mNNN + h.c. (1)

As is well known, in the limit mp < my, this leads
to a light, mostly active neutrino, = v + N, with a
mass m =~ mQD /my and a heavy, mostly sterile neutrino,
N = N — 0v, with mass M ~ my. (We use hats here
and below to denote mass eigenstates.) The active-sterile
mixing angle is 6 ~ y/m/M.

The short baseline reactor anomaly suggests oscilla-
tions between active (electron in this case) and sterile
neutrinos with a mixing angle of O (0.1) and a squared
mass splitting of O (1 eVz). This can easily be accounted
for by choosing m ~ 0.01 eV and M ~ 1 eV. This sim-
ple explanation of short baseline anomalies is in tension
with cosmological observations because the heavy neu-
trino with a mass ~ 1 eV will be in thermal equilibrium
at the time neutrinos decouple, due to its relatively large
admixture of active neutrino [22].

However, as mentioned above there are well-motivated
scenarios where this conclusion does not hold. One of the
simplest possibilities is when the sterile neutrino’s Majo-
rana mass depends on the value of a scalar field which we
call A. Because the light neutrino mass is determined by
the Majorana mass, it also depends on A, and therefore
a finite density background of light neutrinos can give
corrections to the potential for A. Since the density of
neutrinos is determined by the temperature, these correc-
tions can cause the value of A to vary with temperature
(or, equivalently, time, as the Universe cools).

To see this, consider the contribution at a temperature
T to the energy density from the light neutrino, whose
mass m (A) varies with the scalar field A,

d’p /p*+m?(4)
(2m)°  e/T+1

MWAJS:QX/‘ (2)



The effective potential for A is given by its zero temper-
ature scalar potential, Vj, and the contribution from the
neutrino background,

V(A,T) = Vo (A)+6V (A,T). (3)

We first consider a logarithmic scalar potential [20],

A
V0=A410g<1+‘0‘>, (4)

with o small compared to the range of relevant A val-
ues. We will discuss a quadratic potential in § [[V] when
we introduce the SUSY version of theory. Taking the
light neutrino to be relativistic, the full scalar potential
at finite T is

A 2(A)T?
V(AT) = Aog (14| 2]) 4 AT
o 24
()
We assume, quite generally, that the sterile neutrino mass
has A-dependent and -independent terms,

mpy (A) = mg + KA. (6)
In this case, the light neutrino mass is m(4) =
m%/ (mo + KkA), resulting in an effective potential of

A T?
V(A,T) = Alog <1+ > UL L———
a 24 (mo + HA)

The first term tends to push the scalar field toward
smaller values, while the second (the importance of which
increases at high T') prefers larger values of A; the inter-
play of the two determines the value of A that minimizes
the effective potential. At high temperatures, KA can be
large compared to mg. When this is the case, minimiz-
ing the effective potential results in A o T" so that the
heavy (mostly sterile) neutrino tracks the temperature,
M o« T. The light neutrinos mass is therefore smaller at
large temperatures, m, T—!. At some temperature,
kA becomes comparable to mg. A then moves toward its
minimum as determined by V and the neutrino masses
approach the temperature-independent values M =~ mg
and m ~ m% /my.

We illustrate this behavior in Fig. [I] showing the
neutrino masses and A as functions of temperature for
A =34x10"%2¢eV, mp = 022 eV, my = 1 eV, and
% = 1075, We have also taken ¢ = 0.01 eV, although,
so long as |A/o|] > 1 during the time that A signifi-
cantly affects the neutrino masses, the precise value of o
is unimportant. (The region of insensitivity to the value
of o can then be translated to mg/ko > 1.)

Although the heavy neutrino’s mass is chosen to be
1 eV today, it is always large compared to the temper-
ature so that its number density is exponentially sup-
pressed and it has no cosmological impact. Correspond-
ingly, the light neutrino mass grows until it reaches a
present-day value of 0.05 eV around 7' = 0.1 eV. Since

+ 0 (m*(4)).
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FIG. 1. Mostly active and mostly sterile neutrino masses, m
and M respectively, (solid, black) as functions of the tem-
perature for a logarithmic scalar potential of Eq. with
A=34%x10"2¢eV and 0 = 0.01 eV. The MaJorana mass de-
pends on the scalar field A as in Eq. @ with mo =1 eV and
% = 107%. The Dirac mass is taken to be mp = 0.22 eV. Also
shown is the value of kA, (dotted, red). For convenience, the
gray, dashed line shows where the mass is equal to the tem-
perature.

the active neutrino becomes non-relativistic after its mass
becomes independent of temperature it will act as having
a mass m ~ m3%,/mo = 0.05 eV with regards to its im-
pact on cosmology. (Note that although mp/my ~ 0.2
at late times, this leading value for the light neutrino
mass is good to better than 10% which does not notice-
ably affect our analysis.) The active-sterile mixing angle
is @ ~ \/m/M = 0.2 today and decreases like T~ for
T >0.1¢eV.

B. Including three active neutrinos

Expanding this simple scenario to incorporate three
active flavors so that the broad range of neutrino oscilla-
tion data can be described is straightforward. The Dirac
and Majorana masses become matrices,

—MpaiValNi —my;;NiN; +h.c., (8)

£mass =

where o = e, u, 7 labels the active flavors while ¢, j la-
bel the sterile neutrinos (there must be at least two to
generate the solar and atmospheric mass splittings). For
definiteness, we use three sterile neutrinos. In the basis
where mpy;; = mn;0;; is diagonal and taking a Dirac
mass matrix of the form

Vi Vime i

leads to light neutrinos, #;, with masses m; = m?2/my;
and a light neutrino mixing matrix, U, that is approxi-



mately tribimaximalﬂ The effective potential in Eq.
now reads

g

V(A,T) = A*log (1+‘AD JFZT'F(;“)T2 (10)

where the sum runs over each of the light neutrinosﬂ Al-
lowing the sterile neutrino masses to depend on the scalar
via mpy,; = mg; +K; A results in heavy, mostly sterile neu-
trinos with masses M; o< T at large T and M; ~ my,; at
low temperatures. This pattern of couplings results in
three active-sterile mixing angles 6; ~ /m;/M;. Just
as in the simple one-flavor case described above, in the
early Universe the light, mostly active neutrinos have
masses that scale like 7! while the heavy mostly sterile
neutrinos’ masses go like the temperature, kinematically
blocking their production, rendering them cosmologically
unimportant.

The mass splittings Am?; = m7 —m73 can be fixed
to have present-day values of Am3, = Am?% ~ 7.5 x
1075 eV? and |Am§1| = Am?2, ~ 24 x 1073 eV2 If

we wish to explain the short-baseline reactor anomaly,
then we are forced to take my ~ mgy ~ O (0.01 — 0.1 V)
(and most naturally M; ~ My ~ 1 eV) since the anoma-
lies involve either electron neutrino appearance or dis-
appearance and only 7 and 5 have appreciable admix-
tures of v,. The third light neutrino, 73, can either be
taken to be much lighter than the other two, which re-
quires m; ~ my ~ /Am2,,, =~ 0.05 eV, or roughly
degenerate with 7y 2, with my 23 ~ 0.1 eV. The mix-
ing angle controlling electron neutrino disappearance is
then 6. >~ 612 ~ 0.1, as needed to explain the reac-
tor anomaly. Electron (anti)neutrino appearance data is
more difficult to fit in this model because the v, — v
probability is suppressed by the typical factor of 6 , [4]
as well as by a further factor of %, < 1.

In Fig. [2 we show the neutrino masses as a function
of temperature in the three flavor case with an inverted
hierarchy. In this case the value of the scalar field is
determined by Eq. (10). We have taken k1 = ko = k3 =
1075, mo; = mgs = 1 eV, and mg3 = 10 eV. The Dirac
mass matrix is given by Eq. (9) with m; = 0.22 eV ~ mg
and mgz = 0.1 eV. Asin Sec. [[IA] A = 3.4x 1072 eV and
o =0.01eV.

1 Deviating from exact tribimaximal mixing to accommodate the
data, in particular Ue3 # 0, is easy to accomplish by modifying
the texture of the Dirac mass matrix slightly.

2 For now, the temperature-dependent contributions to the effec-
tive potential only matter when each of the light neutrinos is
relativistic so we do not have to worry about whether the neu-
trino background is unstable when they go nonrelativistic, as
discussed in [23]. We return to this point in §
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FIG. 2. The masses of the mostly active and mostly sterile
neutrinos, m; and M;, respectively, in the three flavor case as
functions of the temperature for a logarithmic scalar potential
of Eq. . The hierarchy is inverted and mi, M; are shown
in black, solid; ma, M> are shown in black, dashed; and ms,
Ms are shown in black, dotted. We also plot the value of
kA, (dotted, red) and the line where the mass is equal to the
temperature (gray, dashed). For details, see Sec.

C. Acceleron as dark energy

In the simple model above, the scalar field A is no
longer held away from its true vacuum value at late times
and, consequently, it has no connection to dark energy.
Here, we describe a way of modifying the model above to
allow for one of the light neutrinos to continue holding
A, the “acceleron,” away from its true vacuum value, al-
lowing for an explanation of the dark energy we observe.
Explaining dark energy was the original motivation for
the mass-varying neutrino scenarios we have been con-
sidering [20] 2T]. This dark energy explanation assumes
that the true cosmological constant is zero for some rea-
son that does not show up in new particle physics, as in
Ref. [24]. We do not address why the true cosmologi-
cal constant is zero—for a discussion of this problem see
review articles such as Refs. [25].

We will begin with the three-flavor model with a log-
arithmic scalar potential described above, but assume
that the A-independent contributions to the sterile neu-
trino Majorana masses are negligible, mg; = 0 so that
mpy; = k; A (as before, we work in a basis where the Ma-
jorana mass matrix is diagonal). We use a Dirac mass
matrix as given in Eq. @D and will be assuming that
0 o 20 — v, — vr and Dy X Ve + v, + v are nearly
degenerate (as before we assume a tribimaximal mixing
matrix). We now add Majorana masses for the active
neutrinos of the form

1
Linass D —f |VeVe + 5 (VM + 1/7—)2 + h.c.

=—u (ﬁlﬁl =+ ﬁQl)Q) + h.C.

(11)

This gives a common Majorana mass of p for 7 and
Do. Such masses could be generated by integrating out



another set of Majorana sterile fermions (that do not
couple strongly to A). Given a hierarchy between the
Dirac masses and the sterile Majorana masses, the heavy
neutrino masses are simply M; ~ k;A and the masses of
the the light, mostly active neutrinos are m; ~ mo ~
| —m3 5 /k12A| and mg ~ m3/k3A. The active-sterile
mixing angles are 0; ~ m;/M,.

An important consideration in this scenario is the in-
stability to collapse which occurs when a neutrino be-
comes nonrelativistic [23] 26]. These nonrelativistic neu-
trinos form “nuggets” and are no longer a cosmologically
relevant background when computing the effective poten-
tial of the acceleron. Hence, they no longer help to “hold
up” the acceleron vacuum expectation value (vev). In
the Appendix we show details of the calculation of the
temperature at which this instability develops.

Because of this, we work with an inverted hierarchy
m3 < my,2; the lightest neutrino is responsible for sup-
porting A today, while the heavier two, which have an
appreciable admixture of electron neutrino, provide for
oscillations into sterile neutrinos with Am? ~ 1 eV2. In
this case, at high temperatures when all of the light neu-
trinos are relativistic, the sum in the effective potential
of Eq. runs over ¢ = 1,2,3 and 77 and Dy are dom-
inantly responsible for keeping the acceleron away from
its true minimum. The potential at this time is

Ho

V(AT) ~ Al log +u‘ +mn,, (12)

m

where m = mq ~ mo and n, is the sum of 77, and 7y
number densities. Minimizing the potential then leads to
A o« T?. At some point after ©; and 5 go nonrelativistic,
the sum in Eq. only includes ¢ = 3. The value of A
that minimizes the effective potential is determined by
U3, so that A o T. We show the masses of the neutrinos
as functions of the temperature in Fig. 3] setting p =
—0.05 eV, myio = 0.1 eV, mg = 0.031 eV, K12 = 1, k3 =
3.3, and A = 9.3 x 107° eV. As shown in the Appendix,
given these parameters, 2y 2 stop supporting the A vev
at T ~ 2 x 10~* eV. Note that due to the presence of
a Majorana mass for the active neutrinos, the conclusion
of Ref. [27] where a cascade of “nugget” formation occurs
after the heaviest neutrino goes nonrelativistic does not
apply.

To get a vacuum energy density ~ 10711 eV* requires
a very large value for the logarithm in the scalar poten-
tial. This could perhaps be most natural in a scenario
where a dilaton-like field, ¢, is the dynamical origin of
the A-dependent contribution to the Majorana mass and
A = Agexp (¢*/f?). Another possibility is a more con-
ventional quintessence model with an acceleron Compton
wavelength on the order of the Hubble scale. In such a
model neutrino masses evolve but do not collapse to form
nuggets, even when nonrelativistic. In this case the light
neutrinos can be quite massive today, of order an eVEI

3 The neutrinos’ masses locally today in this case would be smaller
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FIG. 3. Mostly active and mostly sterile neutrino masses, m;
and M; respectively, as functions of the temperature for a log-
arithmic scalar potential of Eq. 7 with A =9.3 x 1075 eV,
in the case where 77,2 have (equal) nonzero, A-independent
Majorana masses, ¢ = —0.05 eV. The sterile neutrino Ma-
jorana masses are my; = k; A with k12 = 1, kg3 = 3.3. The
Dirac masses are mi,2 = 0.1 eV, ma = 0.031 eV. The gray,
dashed line shows where the mass is equal to the tempera-
ture. 1,2 no longer contribute to the effective A potential
when T < 2 x 107* eV (see Appendix for details).

The effects of such massive MaVaNs on CMB and struc-
ture has been explored in Ref. [28].

IIT. A LOGARITHMIC POTENTIAL AND
ACTIVE NEUTRINOS AT AN eV

We now turn to the question of whether the observed
active neutrinos can have masses around an eV today.

Neutrinos can free stream over cosmological distances
and thus damp perturbations on a scales smaller than
the free streaming scale. For standard neutrinos with the
sum of their masses ¥m, ~ 1 eV this effect is observable
via suppression of the matter power spectrum on scales
smaller than free streaming scale. The larger the neutrino
masses the larger the energy density contained in them
around matter radiation equality when structures start to
grow. Hence, the damping of the matter power spectrum
on scales smaller than the free streaming scale is more
pronounced as the masses of the neutrinos is increased.
Large scale structure surveys which are sensitive to the
matter power spectrum can therefore put an upper limit
on ¥m,, (for details, see, e.g. Ref. [29]).

However, mass-varying neutrinos can act like mass-
less neutrinos during and after matter-radiation equality
and become massive at much lower redshifts. Here we
construct a phenomenologically viable scenario using the

due to the relative overdensity of neutrinos in our galaxy cluster.
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FIG. 4. The masses of the light, mostly active and heavy,
mostly sterile neutrinos, m and M respectively, in a single
active flavor scheme as a function of temperature for mo = 0,
mp =1 eV, and A = 107% eV. When T ~ m/10, the light
neutrino ceases supporting the A vev and the sterile Majorana
mass vanishes. The sterile and active neutrinos then form a
Dirac fermion.

framework described in §[[T, with a logarithmic scalar po-
tential for the field A. For simplicity let us consider the
case of one active and one sterile neutrino, leading to an
effective potential like that in Eqs. (B) and (7). General-
izing this, as in § to three flavors (that are nearly de-
generate since we will be describing active neutrinos with
a mass around an eV today) is straightforward. We as-
sume that mg = 0 in Eq. (@ At high temperatures when
the light neutrino is relativistic, minimizing the poten-
tial in Eq. @ leads to a light, mostly active, neutrino of
mass m (T) ~ v/12A2?/T and a heavy, mostly sterile neu-
trino with mass M (T) ~ m2T/v/12A%. As mentioned
in the previous section the light neutrinos condense to
form “nuggets” after going nonrelativistic and stop sup-
porting the scalar field, which settles to its minimum at
A = 0. We show in the Appendix that this occurs when
T ~ m(T)/10. The energy density stored in the cos-
mological neutrinos is now stored in the nuggets which
redshift like matter. Since the Majorana mass of the ac-
tive neutrinos vanishes when A = 0 after the acceleron
is no longer held up, the active and sterile neutrinos pair
up to form a Dirac fermion of mass mp. This mass is
independent of the temperature and can be much larger
than the mass of the light neutrinos when they went non-
relativistic.

In order to illustrate our point let us consider mp =
1 eV and A = 1072 eV. We plot the light neutrino mass
vs. temperature in Fig. [d] As can be seen, the neutrino
acts effectively massless around matter-radiation equal-
ity. After the neutrino becomes nonrelativistic at 7' ~ A
it stops supporting the acceleron and the sterile neutrino
Majorana mass vanishes. The sterile and active neutrinos
then form a Dirac fermion of mass mp which is indepen-
dent of temperature. This is the mass that is relevant
for terrestrial neutrino mass experiments, e.g., searches

p(eVh

0010 0.100

T (eV)

10-4 0.001

—

FIG. 5. The neutrino energy density as a function of tempera-
ture for mo = 0, mp = 1 eV, and A = 1072 eV (solid, black).
Also show are the energy densities for constant mass neutrinos
of mass 0.1 eV (dashed, red) and zero (dotted, gray).

for endpoints in S-decay spectra. However the relevant
mass of the neutrino from the standpoint of experiments
which measure the matter power spectrum can be ap-
proximated to be the mass when the neutrino becomes
nonrelativistic, i.e. m ~ A < mp.

To see this in further detail we show the energy density
stored in the neutrinos (and “nuggets” after their forma-
tion) as the temperature varies in Fig. [5l We also show
the energy density of a constant 0.1 eV mass neutrino,
which is roughly the upper limit on Y m, /3 from cos-
mological observations. We see that the energy density
in the mass-varying neutrino in this case is never greater
than that in the constant 0.1 eV neutrino. Indeed, the
temperature-dependent energy density in the mass vary-
ing neutrino is roughly what one would find for a constant
mass neutrino of mass ~ A = 1073 eV.

A signal of this mechanism would be detection of an
eV scale neutrino mass in tritium beta decay of [8, 9], but
with no signature in double beta decay or in searches for
massive cosmological neutrinos [I0], since the cosmolog-
ical neutrinos would be clustered and it is unlikely that
we would be inside a nugget.

IV. A SUPERSYMMETRIC POTENTIAL

MaVaNs theories can be made supersymmetric [211,[30],
which is well motivated by the necessity of including a
light scalar. In this case, however, the scalar potential
is constrained to be quadratic in the acceleron field, and
not logarithmic as we have so far considered. Dark en-
ergy may be obtained via the acceleron-sneutrino cou-
pling, which creates an effective sneutrino potential with
a minimum which differs from the vacuum configuration.

Let us begin by briefly describing the supersymmet-
ric MaVaNs theory of a single active neutrino. The su-
perpotential of this theory after electroweak symmetry



breaking is
W = kann +mpvn, (13)

where v, n, and a are the superfields containing the ac-
tive neutrino, sterile neutrino, and acceleron respectively.
Including both SUSY-preserving and -breaking interac-
tions, the scalar potential is

‘/scalar :/‘NQINE + m124|A|2 +4"$2|A|2|N’2

ol (14)
+ K ‘N| + const.,
with N the sterile sneutrino and the constant such that
the true minimum of the potential is at Vicaar = 0. Ra-
diative corrections drive p Nz to negative values of or-
der —m3,, which means that (N) = \/—ug2/2k2 ~
O (mp/k) at the true minimum of the potential. As
before, the acceleron field is driven to large values at
finite temperature due to the contribution to the effec-
tive potential from the light neutrino density. If A >
V —k§?/4k% ~ O (mp/k) then the sneutrino is trapped
at a local minimum with energy density pg?*/4k% ~
O (mp/rK?).
The effective potential that determines the finite-
temperature value of the acceleron is

V(AT =m3|A] + 2 (Q‘i)T
4 2 (15)
— m2l4al? mpT
mA| | 4 2|A|2

where we have assumed that the neutrino mass matrix is
of the seesaw form. Minimizing this results in

mp T
o L 16
2414\ kmy'’ (16)

in contrast to the case of a logarithmic potential where
AxT.

The acceleron mass term receives SUSY-breaking ra-
diative corrections and, in the absence of fine tuning, we
expect m?% > k*m%. Therefore, to keep the sneutrino
in the false minimum today when T = Ty ~ 10~% eV
requires that mp < T in a natural theory.

We now discuss how to extend this treatment to the
case of three active neutrinos which means that the cou-
plings k and mp are now matrices. As in Ref. [21], a
viable set of parameters involves the acceleron vev being
held up by the lightest neutrino, which remains relativis-
tic today. To connect with short-baseline anomalies, it is
phenomenologically motivated to take an inverted mass
hierarchy, so that the smallest neutrino mass is ms. Like
in §@ we work in a basis where the matrix x;; = k;0;;
is diagonal and the Dirac mass matrix is of the form in
Eq. @D We take the Dirac mass corresponding to the
lightest neutrino to be m3 = 107° eV and k3 = 107°.
This gives a present-day dark energy density of the cor-
rect order of magnitude ~ 10711 eV4,

A(T) =

To avoid having to fine-tune away large radiative con-
tributions to the acceleron mass coming from the neutri-
nos of larger mass, we take k19 < k3. (We will state
more precise values for k1 2 below.) If this is the end of
the story for the neutrino masses, then ; 5 are essentially
Dirac fermions containing the active and sterile neutrinos
orthogonal to 73 and N3, which does not allow for any
mass splitting in this system ~ 1 eV. To fix this we can
add an acceleron-independent contribution to the sterile
neutrino masses as we did in § [[T] through the superpo-
tential term W D my,;n:n; which leads to terms in the

scalar potential m N%Nil\? ]’-‘ . If we assume that the terms
in this mass matrix involving 4, j = 3 are suppressed and
the nonzero eigenvalues of this matrix are O (1 €V), then
there will be a pair of a sterile neutrinos mass of around
an eV, allowing for a oscillations of the active neutrinos
with Am? ~ 1 eV2. Furthermore, the contribution to the
scalar potential from my;; pushes Ni 2 — 0, simplifying
the analysis of the scalar potential which is then essen-
tially that of a single sterile state as in Eq. (14)), involving
only the acceleron and N5. Describing atmospheric neu-
trino oscillations then requires m; ~ mo ~ 0.22 eV so
that mq1 ~ mo ~ 0.05 eV.

Because, as we see in Eq. ll A o VT, the ster-
ile neutrinos are not kinematically forbidden from being
produced in the early Universe, unlike the case of the
logarithmic potential. This could be in strong conflict
with cosmological bounds and furthermore a large ster-
ile neutrino density will affect the acceleron potential,
driving the acceleron to small values, ruining this mech-
anism as an explanation of the dark energy. This can be
simply avoided by a Planck-suppressed coupling of the
acceleron to electrons, £ D [B.(m./Mp;)Aeée, where S,
is a coupling and Mp; is the Planck mass, as described
in Ref. [3I]. Fifth force tests limit |5.] < 4. At tem-
peratures above the electron mass, the (mostly) neutrino
masses are roughly

T \? /1071 eV)?
Mi = 3Mevﬁe(010) <1MeV) < ma )

As previously mentioned, the acceleron receives quan—
tum corrections and in a natural theory we expect m?% >
>, k#m?. For the values of m3 and k3 given above, an
acceleron mass of around 107 eV requires a modest
10% fine tuning and limits k12 < O (107*k3) ~ 1077,
Production of sterile neutrinos at 7' 2 MeV is therefore
suppressed if S, ~ O (1), which is enough to bring the
scenario into agreement with cosmological limits. For
further details and constraints, see Ref. [31].

V. CONCLUSIONS

In this paper we have described several situations in-
volving mass-varying neutrinos that allow for either ac-
tive neutrinos or sterile neutrinos with a large active-
sterile mixing to have masses around an eV and yet



still be compatible with strong limits from cosmologi-
cal observations. Along with “secret” neutrino interac-
tions [I1I, [I5HI8]|, this possibility illustrates the necessity
of combining cosmological probes of neutrino properties
with terrestrial experiments. Combining both probes al-
lows us to test whether neutrinos have richer structure
than expected in ways that cosmological observations or
terrestrial experiments alone cannot.

MaVaNs are motivated by attempts to understand
dark energy. It is interesting that they can also mod-
ify neutrino cosmology to allow recent hints for eV-scale
sterile neutrinos to be reconciled with cosmological obser-
vations, or for the active neutrinos to have masses within
the reach of near future experiments today. In addition,
it is worth mentioning that unlike the case of other “se-
cret” neutrino interactions, the (mostly) sterile neutrinos
in this scenario with a logarithmic potential are kine-
matically forbidden from being produced at late times,
and therefore do not suffer from the problem that they
are produced in late-time collisions, upsetting agreement
with cosmological observations [32].

In the case of a logarithmic tree-level potential, keep-
ing the scalar potential flat enough for a dark energy
solution in the presence of quantum corrections requires
that the neutrinos the scalar couples to are lighter than
~ eV today. In the phenomenological cases with this po-
tential that we studied in Secs. [l and [[TT} we were forced
to abandon this explanation of the dark energy and loop-
level corrections to the scalar potential do not alter our
discussion. For detailed discussion of quantum correc-
tions in the logarithmic potential case, see [20]. The re-
quirement of a light scalar field for the MaVaNs scenario
to explain dark energy suggests that this sector could be
supersymmetric [2I]. Properly supersymmetrizing the
theory adds additional constraints and requires intro-
ducing very weak couplings of this light field to charged
fermions in order to make the sterile neutrinos heavy at
early times. Besides cosmological observations and neu-
trino experiments, these weak couplings offer perhaps the
best way of testing the scenario, through, e.g., searches
for fifth forces at large distance scales [33] or electron-
density-dependent neutrino masses |34} [35].

Interactions between light scalars and active neutrinos
can prevent active neutrinos from freely streaming and
lead to observable signatures in the CMB [36]. In the
scenarios we have considered, the active neutrino-scalar
coupling is too small to be constrained by these consid-
erations. It would be interesting to study such CMB sig-
natures and their complementarity with other terrestrial
observables in nonstandard neutrino scenarios.

We have extended earlier work on MaVaNs to take
into account the effects of neutrino clustering, to add ad-
ditional contributions to neutrino mass and additional
couplings in the scalar sector. We have been able to ex-
hibit models in which eV mass sterile neutrinos appear in
present day neutrino oscillation experiments but do not
affect precision cosmology, and in which active neutrinos
could have eV scale masses today but not in the early

universe.

Neutrino masses, inflation, dark matter, baryogenesis,
and dark energy all show that there must be new physics
beyond the standard model. We do not know the en-
ergy scale, but neutrino masses and dark energy indicate
a physical scale of order 107* — 1072 eV. It would be
remiss of us to simply adopt theoretical prejudice and
assume that such new physics does not involve any new
light particles. If there is such new physics, then pre-
cision cosmology and laboratory measurements are not
necessarily simply different ways of measuring the same
neutrino properties. As an illustration of the possibili-
ties, in this paper we have explored models containing
light sterile neutrinos coupled to a light scalar in which
laboratory and cosmological measurements which would
give seemingly inconsistent results can instead be inter-
preted as evidence for a new light sector, which could be
the origin of dark energy.
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Appendix A: Instability in MaVaNs

As pointed out in Ref. [23], there is a inherent insta-
bility in the neutrino-acceleron fluid when the neutrinos
go nonrelativistic. The end result of the instability is
that the neutrinos condense to form “neutrino nuggets”
which then redshift like matter. To see this easily, one
can treat the neutrino-acceleron fluid hydrodynamically.
Let us do an illustrative back of the envelope calculation
to demonstrate the instability. The accurate result from
the full Boltzmann calculation is given by [A4]

To simply illustrate the instability, let us first assume
that there is just one light neutrino and that its mass
is inversely proportional to the scalar field, m o 1/A.
We will generalize to the case of more than one active
neutrino flavor and other functional forms for the light
neutrino mass below. When the neutrinos are nonrela-
tivistic, the effective potential from Eqgs. and is

!

o
— s Al
- +mn (A1)

V(AT)=A* log‘

where ¢’ is a scale and n, is the light neutrino number
density. Minimizing this potential with respect to A gives

oV A*
n,=———n~—, A2
v om m (A2)
so that the light neutrino energy density is roughly con-
stant, p, ~ mn, ~ A%,

Now we calculate the speed of sound of the neutrino-

acceleron fluid. The fluid’s pressure is P = —p, + w,p,



where p, = V| is the energy density stored in the ac-
celeron field and w, is the neutrino’s equation of state
parameter. Since the neutrino is nonrelativistic, w, ~ 0.
The energy density of the fluid is given by p = p, + pa-
The speed of sound is related to the rate of change of the
pressure and energy density,

Bt (A3)

where we have used the fact that p, is approximately
constant. Because density perturbations evolve in time
as e ! an imaginary component to c, signals an in-
stability, and we see that the neutrino-acceleron fluid is
unstable when the neutrinos are nonrelativistic.

A more sophisticated picture can be obtained from a
kinetic theory treatment where the speed of sound is de-
termined by [23]

C

) 1av0<a2vo)‘1
= ——— X

ST m om \ Om?2 (A4)
) - T\* T\*
1+W(C§+052—2) E +O E

Again, the fluid becomes unstable when the speed
of sound, as found by this relationship, develops an
imaginary component. Below, we use this expression
to determine the temperature at which the neutrino-
acceleron fluid becomes unstable for the scenarios con-

sidered in §§ [[TC| and [[T]]

In § [[TC| the heavier, mostly active neutrinos 7, and
U5 get contributions to their masses from the active Ma-
jorana mass p which are independent of acceleron vev as
well as contributions that depend on the acceleron vev.
Taking mq, ~ ms = m, we rewrite the logarithmic part
of the acceleron potential in terms of the neutrino mass

as

Ho
m+ uw

V(A,T)=Vy+mn, = Atlog

’ +mmn,. (A5)

Here, n, is the sum of the number densities of the two
nearly degenerate neutrinos 1 2. This gives

10V, (02 ! 1 m3
LoVe (Vo) L
m Om \ Om?2 m k1,24
Minimizing the effective potential implies that
m3 272 A*
1,2 &l ( A7)

I'il,gA o 3< (3) ﬁ

A is determined by the present-day mass of the lightest
neutrino and temperature, A* = m3 (Tp) 7¢ /12 and we
can approximate m with |u|. Thus, we can write Eq. (A4))
as

. 72 m3(Ty) 1¢
EYORNEE

T\> T\*
1+12.9 (2 +¢;%-2) () +0 ()
m m

m3 (To) Ty (m)i" y
|

T
T\> T\*

1+12.9(c2 +¢;%-2) <> +0 ()
m m

For the parameter values specified in § [[IC] we get the
temperature at which the nuggets are formed to be T' ~
2x 1074 eV.

A similar calculation can be done for the scenario de-
scribed in § [[T]] In that case there is no active Majorana
mass and

[

»

= —0.23 x

106 () 59)

m Om \ Om?

As before, Eq. (A4]) can then be solved to determine when
nuggets form. We find that this occurs at the tempera-
ture T~ m/10.
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