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Abstract

We discuss the mass varying neutrino scenario in the supersymmetric theory. In the case of the model with the single superfield, one need
soft SUSY breaking terms or the term. However, fine-tunings of some parameters are required to be consistent with the cosmological data. |
order to avoid the fine-tuning, we discuss the model with two superfields, which is consistent with the cosmological data. However, it is four
that the left-handed neutrino mixes with the neutrino of the dark sector maximally. Adding a right-handed neutrino, which does not couple to t
dark sector, we obtain a favorable model in the phenomenology of the neutrino experiments. In this model, the deceleration of the cosmolog
expansion converts to the acceleration near 0.5. The speed of sound, becomes imaginary if we pubg = —0.9, which corresponds to
m9 =3.17 eV. On the other hand, if we takey = —0.998, which leads te:0 = 0.05 eV, cZ becomes positive sinage evolves rapidly near the
present epoch in our model.

0 2005 Elsevier B.VOpen access under CC BY license.

1. Introduction The acceleron field sits at the instantaneous minimum of its
potential, and the cosmic expansion only modulates this min-
One of the most challenging questions in both cosmologic 'mum through pha_nges in the neutrino d_ensity. Therefore, the

. o . ‘heutrino mass is given by the acceleron field and changes with
and particle physics is the nature of the dark energy in the_ Unlt'he evolution of the Universe. The cosmological parameter
verse. At the present epoch, the energy density of the Univers

) . . Ahd the dark energy also evolve with the neutrino mass. Those
is dominated by a dark energy component, whose negative prz%

; the expansion of the Universe lerate. In o volutions depend on a model of the scalar potential strongly.
sureé causes Ine expansion ol the erseto accelerate. in o pical examples of the potential have been discussed by
to clarify the origin of the dark energy, one has tried to under-,

. i . . Peccel4].
stand the connection of the dark energy with particle physics. : . . ,
; ’ The MaVaN leads toint t h I I
Recently, Fardon, Nelson and Weir{ét proposed an idea e Maval's scenariofeads fo lnteresting phenomenologica

fth X i MaVaNs). in which th i results. The neutrino oscillations may be a probe of the dark
of the mass varying neutrinos (MavaNs), in which the neu rlnoenergy[5,6]. The baryogenes[3—9], the cosmo MSW effect of

cpuples to t.he Qark energy. Th.e variable neutrinq mass was COHE—:‘utrinos[lo] and the solar neutrind 1,12] have been studied
sidered at first iri2], and was discussed for neutrino clogdh in the context of this scenario. Cosmological discussions of the

Howev?_r, th:)a rtenewed M?YaNs scde?ha[mghalf tried to rInatI:]e 2 scenario are also presenfad—17]
connection between neutrinos and the dark energy. 1n this SCe- ., ;¢ Letter, we study the MaVaNs scenario in the super-

ir:ftlrnod, an (;mkrr]]gvth zc?r!ar r?ek:rivr;/hlcr:: IS ck;alledmaccelgrtr)]nn:iss mmetric theory and construct models which are consistent
ﬁ Ig uced, a en, the neutrino mass becomes a dyna th the current cosmological dais8]. We discuss the dark en-
eld. ergy in the some cases of the superpotential. Then, we present
the numerical results for the evolution of the neutrino mass
P andw. In Sections?2 and 3 we study the superpotential with
Corresponding author. . . . .
E-mail addresses: takahasi@muse.sc.niigata-u.adfp Takahashi), the single superfield and the double superfields, respectively.
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2. Thesingle superfield model

the first constraint turns to

0 0(, 0V _
The simplest assumption of the MaVaNs with the supersym® V(@a(my)) =070, (®)

metry is to introduce a single chiral superfiedd which is a

where “0” represents a value at the present epoch and 70% is

singlet under the gauge group of the Standard Model. The suaken for the dark energy in the Universe.

perfieldA couples to the left-handed lepton superfieldn this
framework, we discuss three cases of the superpotential.

2.1. Thesimplest model W = 443+ mpLA
We suppose the dark sector with the superpotential

A
W:§A3+mDLA, 1)

The second one comes from the fundamental assumption
in this scenario, which is thaiyak is stationary with respect
to variations in the neutrino mass. This assumption is repre-
sented by

oy | AV (da(my))
—_ + - T =
am,, am,,

For our purpose it suffices to consider the neutrino mass as a
function of the cosmic temperatud. Then the stationary con-

0. (9)

where > andmp are a coupling constant and a mass paradition Eq.(9) turns to[4]

meter, respectively. The scalar and spinor componenta of
are (¢, V), and the scalar componeun}, is assumed to be T ¥

the acceleron. The second term of the right-hand sigd. A
in Eq. (1) is derived from the Yukawa couplingLAH with

y(H) = mp, where H is the Higgs doublet. Assuming the ) 2 s
vanishing vacuum expectation value of the left-handed sIepF(s) _ i/ dyy“\/y“+§ .
ton, the superpotential of E€L) is enough to discuss the dark

SOF V@) o (10

am,,
whereg =m,(T)/T, p, = T*F(¢) and

= (11)

0

ey +1

energy, because only the scalar potential of the acceleron and _ . _
the neutrino energy density contribute to the dark energy in th¥Ve have the time evolution of the neutrino mass from the re-

MaVaNs scenario. We omit other terms, which does not coupléation of Eq. (10). Since the stationary condition should be
to A, in our superpotential. satisfied at the present epoch, the second constraint on the scalar

Then, the scalar potential fgy, is given by

V($a) = 2216l + m |6al®. (2)
We can write down a Lagrangian density from [Eb),
L= mpvpy, + 2004 Yata. (3)

This means that the dark sector interacts with the standard elec- 91y
troweak sector only through neutrinos. By solving the eigen-

value equation of the 2 2 mass matrix,

0 mp
<mD 2)\¢a> ’ )

¢4 is given in terms of the neutrino mass,

2

m,  mj,

Apy = — — . 5
Da 2 om, ®)

Using this relation, the scalar potential of H) is given in
terms of the neutrino mags, as follows:

1 m2\*  m2 m2\ 2
1% - __D D Db 6
() 1622 <mv my ) + 4).2 (m,, my ) ()

where, for simplicity, we take the scalar field real.

potential is

oF 0oV
[Ta_ N (%(m»)} o 12)
aé am” m\,=m8,T=To
This condition turns to
AV (P (my))
—— =—n?, (13)
my=m0,T=Tp

wheren? is the neutrino number density at the present epoch.
Since neutrinos are supposed to be non-relativistic at the
present epochp? = m%9 is given and the equation of state
becomes
0,0
w’+1= 0,0 mvnvo 0"
myny, + V(¢g (my))
Taking the typical observed valugy = —0.9, we can fiXpS.
Then the neutrino masag is obtained by putting the neutrino
number density at the present epaéh=8.82 x 10713 eV3 on
09 = m%9. Finally, we getm® = 3.17 eV andV (¢p0(m?)) =
252 x 1071 eV4, where we takepgak = 0.7p. = 2.8 x
10711 ev* at the present epoch. The neutrino mask7 &V
may be large compared with the terrestrial neutrino experimen-
tal data. The neutrino mass of the 1 eV scale is related with the

(14)

In the MaVaNs scenario, there are two constraints on th& SND evidencd19] and will be tested at the MiniBooNE ex-
scalar potential. The first one comes from the observation gberiment20]. On the other hand, puttingg = —0.998 we get
the Universe, which is that the present dark energy density img = 0.05 eV, which is consistent with the atmospheric neu-
about 07p., p. being a critical density. Since the dark energytrino mass scale. Thus, the valuem)‘f depends onwg. In our
is assumed to be the sum of the energy densities of the neutrirfiollowing analyses, the numerical valueof is not so impor-

and the scalar potential

Pdark= Py + V(¢a (mu))a (7)

tant as far as the neutrino is non-relativistic at the present epoch.
We takem8 = 3.17 eV withwg = —0.9 as a reference value in
the following numerical studies.
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Now, we have two constraints on the potential and its derivVp = 14.2% — 14.2%¢ 4+ 0.7p. — p° (eV)*,
ative at the present epoch as follows:

(23)
wheree = 222(¢0)? + m2 + m? = —5.67 x 1071% eV2. It is

V(9Q(m%)) =252x 107t eV?, (15)  remarked that the parameters® and Vp are fine-tuned on
AV (pa(my)) the order of 1015 eV2 to guarantee the tiny (m,) and
m = -8.82x 107 B Vs, (16) 9V (m,)/dam, at the present epoch, respectively. Using these

parameters, we can get the evolution of the neutrino mass and
Itis found that the gradient of the scalar potential should be negw from the stationary condition and the equation of state, re-

ative and very small. These constraints on the scalar potentigpectively. However, since such a case of fine-tunings is not
are very severe. By using the potential of E8).in the model, interesting, we do not discuss the case furthermore.

we have

2\3 2
oVem) 1  Mp)\ (1, ™
om,, 4).2 m, m2

v

23. W=%4A3+mpLA+ 4 A% model

We consider the model including term as follows:

2, 2, m?,
+ﬁ<mv_m_v)(1+m_5>- 17 W:%A?’—i-mDLA—}—%Az, (24)
Therefore, the scalar potential satisfies the relation which leads to the scalar potential as
V(ga(m) Ol G g @0 =leis 1al* gl (25)
av(g%(:m) ’mv=m9, r—r, 4 14 % T4 (18) Taking a Lagrangian density of the form
L=mpvrYa + (2h¢a + W) VaVa, (26)

This ratio must be-28.6 from Eqgs.(15) and (16) however,
our inputmg = 3.17 eV never reproduce this value. One cannotwe get¢, in terms of the neutrino mass instead of %) as

build any models with only one superfieldunless the SUSY follows:
breaking term or thew term is added. 2
A= K _Tp 27)
2.2. W =%A3+ mpLA with soft breaking terms 2 2my
The derivative of the scalar potential is given as
Let us take into account the soft-breaking effect of the su- 2
.. aV(m,) m¥, ba 2
persymmetry. Then the scalar potential is given by 5 =(1+—5 T[()@a + 1) (20 + 1) + mD],
m, mg
V(@a) = 1219al* + mB|dal +m?|dal? + Vo, (19) (28)

wherem is the soft-breaking mass ar¢ is a constant. The Itis easily found that there is the parameter set, which satisfies
scale of the supersymmetry breaking in the standard séctor the present data of Egél5) and (16)as

is supposed to be of order the electroweak sgale v. How- 27 10-10 o\ 2

ever, if the dark sector couples to this supersymmetry breaking(w“ + M)SZW“ ) :mD] 107 eV,

only via the neutrino, radiative corrections give the supersym- mp < ¢, ~ 1~ 107~ eV. (29)
metry breaking mass scale of ordetp/v)m. Therefore, the  Thg regylt indicates the fine-tuning amobgy, « andmp on
soft-breaking masa in the dark sector is expected to be COM- e order of 107. If the value ofim, is much smaller than val-
parable ton p, which is taken to b&‘!)gl eV). Such a small soft ues ofi¢, andy, numerical solutions are

mass of the supersymmetry breaking corresponds to the small

n=7F448x 103 eV,

gravitino massnz;» >~ O(1 eV), which has been given in the ¢, = +£2.24x 103 eV,
gauge-mediated model of R¢21].
The gradient of the potential are given as

IV(pa(my)  ¢a m?

(20)

whereg, is given in terms ofn, as in Eq.(5). Since we have
four free parameters,, m, Vg andmp, we can adjust parame-

Imp| =10"%eV, (30)

with 2 = 1. Such a small value dfc| ~ 10~3 eV may be ex-
plained by the suppression M%eV/Mp|anck[22].

Since two mass eigenvalues are almost degenerate due to
mp > 20, + 1, the left-handed neutrimg, mixes maximally
with v, which is a kind of sterile neutrinos. Thus, this model

ters to constraints of the potential and its derivative. Putting th&s Unfavored in the phenomenology of neutrino experiments.

typical values for two parameters by hand as follows:
rA=1, mp =10 eV, (21)

with m% = 3.17 eV, we havep?(m®) = —14.2 eV. Then,m?
andVj are fixed by the data of Egél5) and (16)s follows:

m?=—2x1422 —10% + € (eV)?, (22)

3. Thedouble superfields model

It is very difficult to build a model with the single superfield
without fine-tuning of parameters of the model. In this section,
we introduce two superfieldg, and N [23], which are singlets
under the gauge group of the Standard Model.
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5 5 5
3.1. Thesmplemodel W = AANN +mpLA +m/,LN 110 2x10 3310

It is assumed that the dark sector consists of two chiral su-
perfieldsA and N, whose scalar and spinor components are

(¢a, ¥a) and(e¢y, ¥y,), respectively, with the superpotential 0.9998

W =AANN +mpLA+m/,LN, (31)
. 0.9996
where the scalar componet of A is assumed to be the ac-

celeron. The scalar potential is given by

mv/mg

0.9994
V(as dn) = 221gu|* + A2 |0 | + m3|dal? + m'Zldnl?.

(32)
The gradient of this potential is describing as follows:

AV (¢a)

9¢q
. ) 1x10° 2x10° 3x10°
where we assume the scalar component of two chiral superfields z

to be real. Then, we can write a Lagrangian density of the form

L=mpvypy, +m/DVL¢n+)L¢a¢n1/fn + AP n. (34)

- whereCy is the effective mass given by the seesaw mecha-
Therefore thg mass matrix in the co.uplgd system of the le nism between the left-handed and right-handed neutrinos. The
handed neutrino and the dark sector is given by

eigenvalue equation gives

0.9992

= 81202¢ + 2m% ba. (33)

Fig. 1. Plot of the scaled neutrino mass versus the redshift

0 mp m)p
mp 0 Adu |, (35)  ¢a=(m3—Crim? — (A2 +m% +m'3)m, — 2mpm’p ey

/ —
mp  Afn Ada + CLL)\2¢3)(””§ — m% — CLLmu) 1. (40)
inthe (vz, v, ¥,) basis. The eigenvalue equation gives
Putting = 1, mp = 0.01 eV andm/, = 0.1 eV by hand,

3_ (5242 4 m2 2 . :
b= (A°¢5 +mi +m5ymy — 2mpmiydn 36)  Other three parameters are fixed by the three constraimt§ of
¢ m2 —m?, V(md) andaV (m,)/dm, |, _o as follows:

By using this relation, the potential of ER2)is given in terms 0 1 .
of the neutrino mass:,. Puttings = 1 andm/, =1 eV by ¢, =—438x107"eV, ¢, =+£502x 10" eV,
hand, other three parameters are fixed by three constraints gf  _ 317 eV, (41)
m3, V(m®) anddV (m,)/dm,|,, o as follows:

’ where mass eigenvalues are obtained
¢0=—242x10"BeV, |pn] =5.02x 10 6 eV,

Imp| =3.01 eV, (37) m)=317eV, —-317x10eV, —9.18x 10 ®eV,
. . (42)
where mass eigenvalues are obtained ) ) )
where 317 eV is the mass of the active neutrino, and other ones
m%=+4317eV, —3.01x10%eV. (38) are for sterile neutrinos. Actually, the mixing between the active

Wi that t i q te in th neutrino and sterile ones are tiny.
€ can see that two neutrinos are degenerate in € Mass, IN e ayo|ytion of the neutrino mass is given by using the sta-

pther words,v, anq va Mix maximally. Therefore, th|§ . tionary condition of Eq(10). We show the scaled neutrino mass
is also unfabored in the phenomenology of the neutrino expen’—nv/mg versus the redshift= 7/ To — 1 in Fig. 1, because the
ments. absolute neutrino mass is not important as far as the neutrino
is non-relativistic at the present epoch. As seefrion 1, the
neutrino mass evolves onlyX. This weakp, dependence of

o ) ) the neutrino mass is understandable in the approximate mass
Towards a realistic model, we introduce a right-handed, mula:

heavy Majorana neutrino, which is assumed to decouple from
¥, andy,. Then, the effective mass matrix in E85) is mod- m% + m/DZ + )\2453 <1+ 1 ” )
C L a ’

3.2. Right-handed neutrino

ified in the (vz, ¥4, ¥,) basis as follows: my ~Crp + 1L (43)

/
CoL mp  mp where the constant teri;; = 3.17 eV dominates the neu-

mp 0 Agu |, (39)  trino mass and the, dependence is suppressed on the order of
m/D AP Adq m%/ch
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Fig. 2. Plot of the equation of state parameteversus: in the region of (ay = 0~ 100000 and (b} =0~ 10.
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Fig. 4. Acceleratiorii/a versusz.
Fig. 3. Plot of the energy density of the dark energy and of the matter in the unit
of p. versusz, where the solid I_me and the dashed line correspond to the darliS different from the one in the power-law or exponential poten-
energy and the matter, respectively. . . . . .
tial discussed by Pecc@4], in which the conversion from the

. L deceleration to the acceleration is predicted neals5 ~ 7.
Once the evolution ofn, is given, one can calculate the

equation of state parameteras follows: . .
q P 4. Discussionsand summary

4—h(§)
wtl=s ——2—, (44) , .
3[1 + szl(”;)] In our work, we have presented numerical results in the case
of the non-relativistic neutrino at the present epoch. However, it
where was remarked that the speed of soundwhich is given a§15]
§ 0F(§) .
h(€)=————. (45) 2 w
FE) 0é Cy =W ~+ — Pdark (47)
Pdark

The evolution ofw versusz is shown inFig. 2 In order to see R _ S
the behavior ofw near the present epoch, we also plotat ~Pecomes imaginary in the non-relativistic limit at the present
z =0~ 10. Itis noticed thaty evolves rapidly near the present @nd then the Universe cease to accelerate. Actuaflyis
epoch. negative in our potential if we pug = —0.9, which cor-
The evolution of the dark energy in the unit af is shown ~ responds ton) = 3.17 eV. On the other hand, if we take
in Fig. 3, in which the evolution of the matter is presented inwo = —0.998, which leads tan, = 0.05 eV, we get positive
comparison. It is found that the matter dominates the energgs Since the time evolution opgark becomes slower in the
density of the Universe at> 1. case of smallem? near the present epoch. Therefore, the at-
In order to see when the acceleration of the cosmological exnospheric mass scale of the neutrino mags= 0.05 eV may
pansion begun, we calculate the acceleratigm in the Fried- ~ be favored.

mann equation; We have not discussed the quantum corrections to the scalar
. potential. These corrections were discussed in[R&fin which

4_ _4”_G[pM + 3w + 1) pdark] (46) it was remarked that the neutrino mass should be lower than
a 3 O (1 eV) although these are model dependent. The quantum

wherepy, is the matter density and the contribution of radiationcorrections will be investigated carefully in the coupled system
is neglected since we consider the epoch 8f0~ 1. As seen  of the neutrino and the acceler{iz#].

in Fig. 4, the deceleration of the cosmological expansion con- We have discussed the MaVaNs scenario in the supersym-
verts to the acceleration neae= 0.5 in this model. This result metric theory and found a model which is consistent with the
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