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e Quantum Field Theory of neutrino mixing and oscillations;

e Particle mixing and dark energy.



Motivations

e Dark energy problem

Measurements of the cosmic microwave background (CMBR), grav-
itational lensing, observations of type Ia supernovae suggdested that
the expansion of the universe is accelerating.

Possible explanation: exists an hypothetical form of energy which
permeates all of space and has strong negative pressure: the dark
energy.

Proposed forms for dark energy: cosmological constant, quintessence,
extended theories of gravity, braneworld, etc...
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Fermion mixing in QFT

Mixing relations for two Dirac fields

ve(x) = wv1(x) cosO + vor(x) sind
vu(x) = —vi(x) sinf + vo(x) cosl

v; (i=1,2) are free field operators with definite masses

Mixing relations can be written as*

vi(z) = Gyt (1) v](z) Gy(t)
vi(z) = Gyt (1) v8(x) Gy(t)
with generator given by:.

Go(t) = exp [9 / x (vl @), (a) — v, (:1:))]

*M.Blasone and G.Vitiello, Annals Phys. (1995)
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e Gy(t) is an unitary operator: Ge_l(t) = G_y(t) = Gg(t) preserving the
canonical anticommutation relations

o Gyl(t) maps Hip to Heyu:  Go(t) i Hio — Hep.

The vacuum |0); » is not invariant under the action of Gy(t), at finite
volume:

0(t))e,u = Gy 1 (t) 10)1 2

e Orthogonality between |0); > and |0(t))e,, for V — oo

e Mass and flavor representations are unitary inequivalent for V — oo.



Condensate structure of |0)c, (use € = (—1)")

O)eun = y [(1 —sin?8|Vi|?) — € sin@ cosb |Vi| (a Jf 172:2621{,1)
T
+ " sin? 0 [Vl Ukl (agy 87 5 — o087 o)

+ Sir129|Vk|20‘ﬂ1 —k,2% kzﬁwr 111001

- 4 Kinds of particle-antiparticle pairs with zero momentum and spin.

- Time dependence:

10)e,u

0(0))e.pr = € HHO(®) Ve,



Structure of the annihilation operators for |0(t))e .-

o, (1) = cosbaj ,(t) +sing <|Uk\aﬂ)Q(t)—I—qukWTk’Q(t))

etc.. with Uy, V. Bogoliubov coefficients:

Ukl = g puf, 5 Vid = € upl 10"y 5

U | = (%,1 + ml)é (wk,z + m2>% (1 n k|2 )
K 2w, 2 (wg.1 + m1)(wg 2 +m2)

Uy]? + [W|? =1

ka,l
1 1
Vil = (“’k,l + ml) 2 <w1~c,2 + mz) 2 < L | )
2wy, 1 2wy > (wpo +m2)  (wi1+m1)

Mixing transf. — Rotation (cosé@, sin9) + Bogoliubov transformation

v (£)[0(t)) e = Gy H (1)1 (D) Gp(t) Gyt (1)|0)1 2=0



Condensation density for mixed fermions
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mo = 1000.
,u<0(t)|04k % i0(t)) e =e,u <O(t)|5gi5ﬂ,i|0(t)>e,u =sin?0 |{l%, i=1,2.

e V4 =0 when m; = m, and/or 6 = 0. o |VA|? ~ (m24kT1) for k> /m

o Max. at k= /mimz With Ve, — 1 for T2l o

mimeo



Neutrino oscillation formulae in QFT*:

Q5 ., (1) = 1 — [Uy|?sin?(20) sin? (wk”Q ;wk’l t) — V& |? sin2(26) sin? (wk’Q ;wk’l t)
Qk ., (t) = |Uil?sin(20) sin (“”“2 e t) + [Vi|? sin2(26) sin? (“"’“’2 er k] t)

e Correction to amplitudes 4+ new oscillating term

e For k> ./m;m, we have: [I4|° — 0 and |Uy|° — 1 the Pontecorvo
formulae are reobtained in the relativistic limit.

e Similar results for three flavor neutrino fields and for boson fields'

*M.Blasone, P.Henning and G.Vitiello, Phys. Lett. B (1999)

TM.Blasone, A.Capolupo, O.Romei and G.Vitiello, Phys. Rev. D (2001)
M.Blasone, A.Capolupo and G.Vitiello, Phys. Rev. D (2002)
A.Capolupo, C.R.Ji, Y.Mischenko and G.Vitiello, Phys. Lett.B (2004)



Particle mixing contribution to the dark energy*

Experimental data support the picture that some form of dark energy,
evolving from early epochs, induces the today observed acceleration
of the universe.

There are many proposals to achieve cosmological models justifying
such a dark component.

Our result is: The non—perturbative vacuum structure associated with
particle mixing leads to a non—zero contribution to the dark energy.

*A.Capolupo, S.Capozziello, G.Vitiello, PLA (2007)
A.Capolupo, S.Capozziello, G.Vitiello, PLA (2009).
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We consider the Minkowski metric.

Lorentz invariance of |0) implies that |0) is the zero eigenvalue eigen-
state of the normal ordered energy, momentum and angular momen-
tum operators. Therefore 7,9° = (0| : 7, : [0) = 0.

the (0,0) component of 7,,(z) is

Too() i= 5+ (Tm(@)ro Do Win(a))

In terms of the annihilation and creation operators of fields v; and v»,
the energy momentum tensor : Tpg := [d3z : Too(z) : is given by

: T(gqb) = Z/d?)k Wi (Oéi-inAi;’i + 61Tk’i6£k,i) )
T
we note that Tég) IS time independent, moreover

e (O] - T§H 1 10)ey = e (O] T 1 [0(D)ess V.



e Early universe epochs: Lorentz invariance is broken. Neutrino
mixing contributes’ to the vacuum energy density pJlr:

1 :
Pl = =m0 eu{01 D+ Tog) ¢ [O)en =
()

d3k
= Phus = Z/(Q )3 ki (c.n(Ologd ;0 10)e.p + e, (OB B 10e,)

Since

e,u<0|04712:i04£,¢|0>e,u = e,u<0|51ﬁ¢517;,i|0>e,u = sin?0|Vg|* =

max d3k 2
= Pyac = 4sin 9/( wk:,l +wk,2) |Vk| )

MaT 2 2 K 2 2 .
ol —= — sin 9/0 dk k“(wg.1 + wi 2)|Vk|©, K is the cut — off
v

fM.Blasone, A.Capolupo, S.Capozziello, S.Carloni G.Vitiello, PLA (2004).



e In a similar way, the contribution p!** of the neutrino mixing to the

vacuum pressure is:

. 1 |
Pyge = v U e,,u<o| Z : T]-(;)(O) : |O>e,,u
7

(no summation on the index j is intended). Being

g kI kJ
. L 3
' ng) T Z,;/ "k y (O‘Eféo‘ﬂ,i + 57jk,7:52k,z‘) ’

w
)

in the case of the isotropy of the momenta: 711 =722 = 733

| > LK,
Pl = 5 —sin 9/0 dk k

7

1 1 5
— T —] V|
WE,1  Wk,2

ML ML
® Dvac 7& —Puac

o w=plt/pMT ~ 1/3 when the cut-off is chosen to be K > mq,mo.

e NO Mixing: |[Vj|? =0 = pllix = pmiz —



P is time-independent since, for simplicity, we consider Minkowski
metric. When the curved background metric is considered, p/%% is
time-dependent, but the essence of the result is the same.!

At the present epoch, the breaking of Lorentz invariance is negligible
= p"Z comes from space-time independent condensate contributions
(i.e. contributions carrying non-vanishing 9, ~ k;, = (wg,k;) are miss-
ing).

= the stress energy tensor of the vacuum condensate is

Tﬁgnd — Vcond o
that is

d3x _ :
1

IA.Capolupo, S.Capozziello, G.Vitiello, work in progress.



Since
77[“/ — d’LCLg(]., _17 _17 _1)

and, in a homogeneous and isotropic universe, 1), IS

T,MV — diag(papapap)a

= The state equation is now pf¥% ~ —pR"*, where’
: 2 K m? m2

p",”'\mz—sinQQ/ dkk2[ L 4 Mo

I8 0 Wk 1 W 2

>
V&~

Present epoch: pj\mx has a behavior similar to that of A.

- neutrino oscillation length < radius of curvature of the universe

= mixing treatment in the flat space-time is a good approximation of
that in FRW space-time.

SA.Capolupo, S.Capozziello, G.Vitiello, PLA(2007).



For m; of order of 107 3¢V we have pi"# = 5.4 x 10-*'GeV* for a value
of the cut-off of order of the Planck scale K = 1019GeV.: agreement
with the observed value of cosmological constant.

d mix K
Moreover p/\dK( ) o + — 0 for large K.

z-10"° 4.10"* 610 g.10'" 1. 19"

The neutrino mixing dark energy as a function of cut-off K.



The vacuum condensate from neutrino mixing contributes to the ob-
served value of the cosmological constant. Exotic components to dark
energy are not necessary in this approach.

e Dark energy gets non-zero contribution induced from the neutrino
mixing.

e Such a contribution is zero in the no-mixing limit: 6 = 0 and/or

mi = mo.

e T he contribution is absent in the QM mixing treatment.



Contributions of the mixing condensate at the present epoch

T he very small breaking of Lorentz invariance of the flavor vacuum at
the present epoch constrains the value of the cut-off on the momenta
and consequently the value of the dark energy contributions due to

the particle mixing.

2

_ > . _
Since wy,; = uljm + Z:i, we can write

Y

Pmiz = 2miz + Vimiz

2 iz Kinematic term,; V,,;.: potential term;

K k2
2 iz = _Z/ dk k? _Mka

K 2
Voo = _Z/o dk k2 " NK.
7



We have seen that, at the present epoch, p,,i: =~ Viniz: 1€ 2 iz << Viniz-

By solving numerically the above equations:
the condition > ;. < Viz» =

KK §/m1m2m3.

How much K has to be be smaller than 3¥mimomz 7
Consider adiabatic expansion of a sphere of volume V.

Let p denote the pressure at which the sphere expands.



The total energy, £ = pV, is not conserved since the pressure does
work: dE = pdVV +Vdp —pdV, i.e. d[(p+p)V] =0, thus:

const

V

pt+p=

For V — oo (in the bulk of the Universe, i.e. far from the Universe
“boundaries” ):

p~ —p and the adiabatic index is w=p/p~ —1.

Thus, p=%"—p and,since Z<V, p=S+VVx~_p

In the limit V — oo, we thus have

const
") Y

Note consistency between the condition 2 < V and V — oo limit.



Conclusion: at the present epoch, p=2 —p~ —p.

Then, state equation for the flavor vacuum condensate at the present
epoch:

Pmix 1

Wmix — 5

since 2 iz — O
mix — Pmaix

Note that > ;. — pmirz 7 0, SiNce 2., < Pmix-
Since > ,,,;,, and p,,;, are function of the cut-off K, then w,,,;, = w,;;,(K).
We now estimate the contributions given to the dark energy by the

particle mixing condensates for different values of w,,;, close to —1,
both for neutrino and for quark mixing condensates.



Neutrino mixing condensate contribution to dark energy

Consider experimental values: Am%, = 7.9 x 107°eV?, Am3; = 2.3 x
1073eV?, 52, = 0.31, s5; = 0.44, s7; = 0.009.

In the normal hierarchy case: |mg3|> |m1 5|, consider neutrino masses
compatible with such values, e.g.: m{ = 4.6 x 107 3¢V, mr = 1x 10~ 2eV,
m3 =5 x 107 2eV.

Then the condition K < ¥mimom3 for neutrinos reads

K < 1.2x10 %V,

namely:



K py—mix(Gev4) Zy—mix(Gev4) Wy —max
1.2x107%eV | 1.1 x 10=%° 1.6 x 10746 —0.85
4 x 10 3eV 1.2 x 10747 3.5 x 10749 —0.97
3x 10 3eV | 0.3x 10747 5.8 x 1020 —0.98
4 x 10~ %V 1.6 x 10°2 6.1 x 10~°° —0.99
4 x 10 2eV 1.6 x 107 6.2 x 1063 —0.99

Table 1: Values of p,,_,,;, and w,_,,;, for for different cut-offs.

T he result we find is that contributions to the dark energy compatible
with its estimated upper bound, p,_,,;, ~ 1074"GeV*, are obtained for
values of the adiabatic index w,,_,,;,, Of the neutrino mixing dark energy
component:

—0.98 < wy_ iz < —0.97.



This is in agreement with the constraint on the equation of state of
the dark energy given by the combination of WMAP and Supernova
Legacy Survey (SNLS) data:

_ +0.073

and with the constraint given by combining W MAP, large-scale struc-
ture and supernova data.

w= —1.08+£0.12.
A value of w,_,,;» < —0.98 leads to negligible contributions of p,,_ ;..

The results we found are dependent on the neutrino mass values one
uses.



Quark mixing condensate contribution to dark energy

d/ Vu d Vu S Vu b d
S / — Vcd VCS VCb S y
v Via Vis Vi b

where V is is the CKM matrix.

For the values of the quark masses given in PDG (2006), we have

K < 120MeV

namely,



K pq—mix(G€V4) Zq—mix(Gev4) Wqg—mix
120MeV | 5.1 x 10~' 3.5 x 10~ ' —0.3
10MeV 2 x 10710 1.4x 10711 | —0.93
300KeV | 1.5x 1017 1.8x 10721 | —0.99
30KeV | 1.5x 10722 1.8x 10728 | —0.99

0.3eV 1.5 x 1047 1.8 x 10763 —1

Table 2: Values of p,_,,;, and w,_,;, for for different cut-offs.

The exact Lorentz invariance of the quark mixing condensate w,_,;, =
—1 (X,—miz is 16 orders less than V,_,,;.), at the present epoch, leads
to a dark energy contribution compatible with its estimated upper
bound: p,_ i, = 1.5 x 10747GeV*4.

We stress that very small deviations from the value w,_,,;, = —1 give
rise to contributions of p,_,,;, that are beyond the accepted upper
bound of the dark energy.

Our results are dependent on the mass values one uses.
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Conclusions

The vacuum condensate from particle mixing can contribute to the
observed value of the cosmological constant. Exotic components to
dark energy are not necessary in this approach.

e Such a contribution is zero in the no-mixing limit: 8 = 0 and/or
mi1 = mo.

e The contribution is absent in the QM mixing treatment.

17
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