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1.Introduction

Energy composition of the universe

Neutrino. Photon O. 5%
Baryon 5%

Dark Matter 25%

Dark Energy

- Energy component with negative pressure.

—Cosmic acceleration. . .
- Doesn’t make large scale structure unlike galaxies.

Candidates

» Cosmological Constant
- Quintessence

» k-essence

- Phantom energy

- Wet dark fluid

-+ Mass varying neutrino



Parameters & Equations

- Hubble rate:

+ Energy density : p;
- Critical density:

- Scale factor: a

- Redshift: z

__ A _ _ a _
1+2= )\em — a(t1> — a(t1> ( (t()) 1)

Examples

2z = 0 =The present.

2z = 1 =The universe 1s halt the size of the present
one.




» Pressure to energy-density ratio:

_D
W = —
p
» Conservation of energy:
d(pa’ da’
(pa”) %
dt dt
s pox a—3(1+w)
Matter w=0 — ppy X a3
Radiation w=1/3 = proxa?
Cosmological Constant w = —1 — pj x a’

- Observation : —1 < w < —0.7

- Einstein equation(Friedmann equation)



2.Mass varying neutrino model

— Motivation

Cosmological Constant

The constant added to the Einstein equation as
vacuum energy to make a stable cosmic model.

Y

In quantum field thory , the value of the vacuum
energy density is some 120 orders (55 orders in SUSY)
of magnitude larger than the observed value.

It 1s unnatural to exist a mechanism which does
cancellation 120 orders and leaves a little quantity.

Coincidence problem.
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Quintessence (time dependent)

- The contraint of potential is severe.
* Mg~ 10733V

Baryon

+ We know too well. <= WMAP,BBN

Neutrino

-+ Neutrino density is quite uncertain.
WMAP & terrestrial measurement of my,:

7x 1074 < Q, <0.02

- Neutrino mass scale 1s close to DE scale:

~ (2 x 10 %eV)?



—Model Independent—
Assumption 1

Variable parameter:
my(A) : Function of scalar field A(“acceleron”).
(R.Fardon,A.E.Nelson,N.Weiner)
my(T) : Function of temparature.
(R.D.Peccei)

Assumption 2

The energy density in the dark sector has two compo-

nent;:
_ Pdark
W =

Pdark
Pdark = Pv + Pdark energy

(pdark enerqgy — Pdark energy(mV) — v(mV)>

Assumption 3
Pdarlk 18 stationary with respect to variations in the

neutrino mass:

8Pda7~k B 8/0V n apdark energy
om,, om,, om,,

0

Assumption 4
The background neutirnos at the present are non-
relativistic:

0 0 0
Py = MmMyny,



Pdark = Pv T+ Pdark energy(mV)
= MyNy + Pdark energy(mV)

— pdark<mV)

—  Pdark energy(ml/)
myny



The case of non-relativistic
—1 family model—

Neutrino energy density:

Py = MyNy

Relationsof p,a , n , w:

Equation of state:

~Olog piary
30 loga

a on, O0my
- my —I_ /n/y
3Pdark

w+1 =

oa da

om,,
+ Pdark energy(mmﬁ

mymy

Pdark

myny

MyNy + Pdark enerqgy



0,,0

my,n,,
wo+ 1= O 0
v ’Odark enerqy
[Estimate]
wp ~ —0.9
Y
O O

0 —11 4
’Oda’l“k ~ 273 X 10 (GV)
n ~ 8.83 x 10719 (eV)?

|
mY = 3.09 (eV)

0

This values for m;, are not neccessarily in contradiction

with terrestrial limits on neutrino masses since the neu-
trino mass measured on earth may well differ from m&
if there 1s an overdensity in the local group due to neu-

trino clustering.



The general case (Temperature dependent)

The neutrino density:

py = T4F<£>< )
my (1T
$=—"1 2
1 > J 2 2
o= L [~

The stationary condition:

apdark dpy n apdark energy

0
om,, om,, om,,

OF O 0
i S n Pdark energy
o0& Omy, om,,

_ TBGF n IPdark energy
o0& omy,

0

The equation of state:

4 — h(E)

Pdark energy
RN IO

(OF(E)
g
F(¢)

w1 =

h(&) =




2.1.Power-law Potential

V(my) = bmj,

There are two conditions for ordinary parameters.

(1) For the potential:

minY + V(md) = 0.7p.
= min) + b(m)* = 0.7p.

(2) For the my:

oV or
(my) _ 73 (Stationary Condition)
om,, OIS
Y
abmg_l — dyy v/ T)
V2 + (my[T)*(e¥ + 1)
U 3
T d 1
byl _ yy( v/ To)

\/y + V/TO (ey + 1)



The conditions for the power-law potential

V(my) =bm3,
Und + b( ) = O Tpe
ab<mg> T 2 f \/y dyy ,//T()/T<Oiy—|—1)

The state of equation

w+1 = 1= e
3U+T&@ﬁ

_ 4=h(¢)

311 — M)

In the non-relativistic limit,

w_>w07h(€>_>17mV_>m1/7

wo—l—lza_l

0.



Example

14w
- 0 0 wWo My (—2)
V(m,/) — _ml/ny[l 4 W (m(;> 0

(R.D.Peccei)

0 (Stationary Condition)

85 om,,
v T
. 0 T 3 W
IS dyy*
0 VA HE2(eV+1)
9(§) = y
o0 yy
; 0 (e¥+1)
m = my/m,,
z = (T/Ty—1)
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2~ 20 =~ O(10%) (year)



4 —h(¢)

w41 = Fm) (The state of equation)
31+ 7 Fé)]
’ h(¢)
4
+1 = o
ST B - o h(e)]

© o EN N o N IS

I I | |
o (@] o o

20 40 60 80 100
R.D.Peccei,hep-ph /0309800

As the temperature goes down, quantum effects are
important for the potential.



2.2.Log Potential

V(imy) =a log(T)

(1)For the potential:

Ond +V(imY) = 0.7p,
my

b

= m n + alog 0.7p¢

(2) For the my:

a‘gquy) = —TB%—}Q (Stationary Condition)
e
a dyy*(my,/T)
my \/y m,//T (¥ + 1)
J
a T3 dyy( v/ To)

my V2 + (m8/Ty)2(e¥ + 1)



The conditions for the log potential

V(my) = alog(=2)

0
+alogm— ()7,06

yy my) /Tp)

Es

d
2 f Vy>+(mb ) Tp)?(eV+1)

an~ —2.80x 1012
= m0
log(—¥) ~ —9.01



0 1 2 3 4 5

Different potentials have different temperature depen-
dence of the neutrino mass.



The state of equation

4—h(¢)
wl= V()
3H+T%%ﬂ
4—h(¢)

3[1 — h(&) log(*5~)]

In the non-relativistic limit,
w = wy , h(€) — 1, my — m);

wo + 1 =




3. SUSY model

(N.Weiner, “Summer Institute 2004 lecture”)

W =MANN

A, N : Chiral Superfield.
Singlet under the SM gauge group.

V =42 al’lonl” + A2 |on]"
The potential 18 decided automatically.

Assumption
®q 1s a “acceleron” .

/
Lmass = mprpin + mDVL¢a

FACaYnn + Abptbatn




2
mp

2A¢q

Two quasi-degenerate neutrinos exist.

my =~ :I:m/D +

/ mn
my ~ D+2>\¢a
Y
mp,
¢CL =~ . /
2A(my — mp)
li 4 42
mpe 2 .4
V = Do+ X,
(M mD)

(1)For the potential:
minY +V(m) = 0.7p,
mpdn

0l

=

m S+ Ny, = 0.7pc



(2) For the my:

(Stationary Condition)

omy, 85
4 42 v
mpey, dyy mu/ T)

9D —

(my — mp)? / N 2(e¥ + 1)
U

, mpbr, N / dyy my) [ Th)
(mj), —m/p)? VY2 + (md/Tp)?(e¥ + 1)

The conditions for the potential

Vimy,) = mpPn + A2

(my — mp)
min) + ngb?f S+ Mg = 0.7p,

(mY— mD)
9 mD¢n _ f dyy y/TO)
(m—mlp® ~ 72 S () [T e+ 1)




, m%¢% T / dyy mu/T)
\/y ey+1)
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The state of equation

4—h
w1 = ((Q ]
31+ 77 F(g)]
_ 4 — h(¢)
(my—mip)® ¢ mp 2,42
B[L+A(E) 2m'ymy {(my—m’D)Z Ao
In the non-relativistic limit,
w = wy , h(E) = 1, my — mj;

1

wo + 1 =
iy
5 {< 2 72 + X2z}

4
2mpmy, my,—mp

1 —




4. Future

e There are some models which are consistent with
some observations in “Mass Varying Neutrnos” sce-
nario.
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—  Power law M odel
—  Log Model
— SUSY Model

e SUSY-breaking terms should be included in order to
get the realistic model.
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