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Abstract. We study solutions of the equation which describes the evolution
of a neutrino propagating in dense homogeneous medium in the framework of
the quantum field theory. In the two-flavor model the explicit form of Green
function is obtained, and as a consequence the dispersion law for a neutrino in
matter is derived. Both the solutions describing the stationary states and the
spin-flavor coherent states of the neutrino are found. It is shown that the sta-
tionary states of the neutrino are different from the mass states, and the wave
function of a state with a definite flavor should be constructed as a linear com-
bination of the wave functions of the stationary states with coefficients, which
depend on the mixing angle in matter. In the ultra-relativistic limit the wave
functions of the spin-flavor coherent states coincide with the solutions of the
quasi-classical evolution equation. Quasi-classical approximation of the wave
functions of spin-flavor coherent states is used to calculate the probabilities of
transitions between neutrino states with definite flavor and helicity.

1 Neutrino wave equation

The phenomenological theory of oscillations based on the ideas of B. Pontecorvo [1] and Z.
Maki et al. [2] describes the general properties of neutrino oscillations. As this theory was
initially developed to describe neutrinos of rather high energies, it is not appropriate for study
of low-energy neutrinos including the relic neutrinos, which play an important role in many
cosmological models. So, for a complete description we need a theory, which is applicable
for the low energy neutrinos and which gives the same results as the phenomenological theory
for the high-energy neutrinos.

Such a description can be made on the base of a modification of the Standard Model,
which was proposed in papers [3, 4]. In this modification, the fermions are combined in
multiplets. One-particle wave functions are elements of the representation space of the direct
product of the Poincaré group and the internal symmetry group S U(3). Within this approach,
the phenomenon of neutrino oscillations arises as a direct consequence of the general prin-
ciples of quantum field theory. The probability of detecting a neutrino of a particular flavor
may be calculated in the interaction picture, and the dependence of this probability on the
distance between the source and the detector results in formulas for neutrino oscillations. In
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the ultra-relativistic limit these formulas are in a good agreement with those obtained in the
phenomenological approach.

As it is well-known [5], neutrinos propagating in matter interact with the medium via
forward elastic scattering on background fermions. This interaction modifies the pattern of
the flavor oscillations. In particular, it results in Mikheyev-Smirnov-Wolfenstein effect [6],
which can explain the deficit of solar neutrinos [7]. If the medium is moving or if it is
polarized, then the spin oscillations also occure [8].

An effective equation, which describes both the neutrino oscillations and the spin rotation,
arises due to reduction of the mass operator of neutrino in medium [9]. Therefore, there is an
upper limit on neutrino energies, for which the equation is applicable. However, the equation
may be used for neutrinos of arbitrary low energies. We consider the medium consisting of
neutrons, protons and electrons. In this case the evolution equation takes the form

1 1
GwafdM—EWﬂ@a+y%F”—EWEA1+¢ﬂ@ﬂm=o. 4))

Here I is a 3 X 3 identity matrix, IM is a Hermitian mass matrix of the neutrino multiplet,
which can be written as follows

3
M= mP?, @
=1

where m; are the eigenvalues of the mass matrix, which have the meaning of the masses of
the multiplet components, and the matrices P”’ are orthogonal projectors on the subspaces
of wave function, which describe states with these masses. The matrix P®) is a projector on
the state of neutrino with electron flavor. In Eq. (2) the product of the Dirac matrices and the
matrices IM, P®) is defined as tensor product.

In the lowest order of the perturbation theory the effective potentials describing the inter-
action of the neutrino with the medium via charged currents f(’; , and via neutral currents fl’\;
are as follows

Jio = V26 (ﬁe) - ’ll<1e>)’ 3)
£ = V2Ge Z (4 (19 = 207 sin? by ) — X4 T). @)
i=e,p,n

Here jf’i) are the 4-vectors of currents and /lﬁ.) are the 4-vectors of polarization of the back-
ground fermions. In these formulas, T® are the projections of the weak isospin and Q%
are the electric charges of the fermions of the medium, G is the Fermi constant, 6y is the
Weinberg angle.

In the three-flavor model the wave function W(x) is a twelve-component object. It is con-
venient to introduce block structure, namely to define this object using three Dirac bispinors

Yi(x)
Y(x) = [¢2(0)|. (5)
W3 (x)

In this case the y-matrices act on the components of the Dirac bispinors and the matrices M,
P permute the bispinors ;(x). In the two-flavor model the wave function P(x) has eight
components.

As in the case of the y-matrices in the Dirac equation, the matrices M and P can be
written in different representations, which are connected by unitary transformations. We will
introduce the mass representation of the matrices IM, P as a representation, in which the
mass matrix is diagonal. We also introduce the flavor representation of these matrices as a
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representation, in which the flavor projectors are diagonal matrices. These representations
are connected by the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix Uppns -

Any solution of Eq. (1) is a wave function describing a state of the neutrino. The mass
states are the states, which are described by the wave functions W¥;(x) (i = 1,2, 3), which can
be written in the mass representation at every point of the event space in the following form

Y1(x) 0 0
Yi(x) = 0 |, Yo (x) = |¢Ya(x)], Yi(x) = 0 |, (6)
0 0 W3(x)

where ;(x) (i = 1,2, 3) are Dirac bispinors.
The neutrino is in a state with a definite flavor at a certain space-time point if its wave
function W;(x) (i = 1,2, 3) in the flavor representation takes the form

) () ) 0 ) 0
o= 0 |, Ww=llw| Hw=| o | ™
0 0 J3(x)

where /;(x) (i = 1,2, 3) are Dirac bispinors.

2 Green function

We will investigate the neutrino propagation in the homogeneous matter. If the medium is
non-polarized and all its components are moving with the same velocity, then the effective
potentials of interaction with the medium via charged currents and via neutral currents are

proportional
uo= R fh = aft @®)
The proportionality factor a depends on the number densities 7; of background fermions as
follows "
a= Z “D 1D — 209 sin? Gyy). ©)
i=e,p,n T(e)
In this case Eq. (1) takes the form
1
(iaﬂy,, - Ey” (1 +97)(al + P©) - IM) ¥(x) = 0. (10)

In the momentum representation Green function of Eq. (10) is the inverse operator of the
equation

-1
G(p) = (y“pyll - %yﬂml +7))all + P') - ]M) : (11

We introduce the following notation

1
H.(p) = (y“p,lll =5V Y)al + P) + IM) : (12)
It can be shown that Ho (o OF-(0.0)
+(p,¢ ps
G(p) = S), 13
()2;]1 Do 1S (13)
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where
1 1 m2+m2
F_(p,O)=p* = ((pf)-RO)|a+ 5 — o3| - =2~
2 2 2
m; —mj

(03 cos 20 — o1 sin 26) — %y”fy(l + ys)(mz —my)o,sin26, (14)

2 1\ mj+m ’
D(p,O) =|p —((Pf)—Rf)(a+§)— > -

_ (((m RD 7o 29)2 ) (m% i

2
5 sin26’)] , (15)

and £ = +1 are the eigenvalues of the operator S (S* = 1), which describes the projection of
neutrino spin on its canonical momentum in the rest frame of the medium. In the reference
frame, where the medium is moving, it takes the form

1
S= ﬁys(yﬂmvpv - YDA, (16)

where R = +/(fp)? — f2p2.

The poles of the denominator of the Green function, i. e. the solutions of the equation

D(p,{) =0, 7)

correspond to the eigenvalues of the Hamiltonian. That is, Eq. (17) defines the dispersion law
for neutrino. This equation is an equation of degree four. It remains unchanged if we change
the sign of the the 4-momentum and the effective potential. Two of the solutions of Eq. (17)
correspond to neutrino energies and two correspond to antineutrino energies

D(p,0) = (p° = &:(. O)P" = &-(, O)P" + .. O)P" + 5-(p. ), (18)
where &, are the neutrino energies, and £, are antineutrino energies. Meanwhile, the neutrino
and the antineutrino energies are connected by the transformation £.(p, ¢, f) = €.(—p, ¢, —f).
3 Stationary solutions

Using the equation for the Green function, we can get a stationary basis of the space of
solutions of Eq. (10). The elements of the basis for the positive-frequency solutions are as

follows
. ipx (P’ — (P, O)H.(p, HF-(p, )
Yo () = f dp’e”P5(p° - £.(p, ) 0.0 (0.  (19)
Here )
) =v() e, Yo(¥P() =1, (20)

where ¥({) is a bispinor, which is an eigenvector of the spin projector operator S with the
eigenvalue £, and e. are arbitrary orthogonal unit vectors in a two-dimensional space over the
field of complex numbers. By analogy with Eq. (19), we can write the elements of the basis
for negative-frequency solutions.
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Unfortunately, the expression (19) is rather cumbersome. To study the explicit form of
the solutions we consider the neutrino moving in non-polarized matter at rest, when f* =
{f0,0,0,0}. In this case the spin projection operator S does not depend on the effective
potentials and it coincides with the helicity operator

YYDy =Y P e (Ep)
= "y —_

S ,
2R Ipl

=y 1)

That is, the helicity of the neutrino moving in dense matter is conserved. As a consequence,
the form of the solutions simplifies.
Stationary solutions are the solutions of the following form

P(x) = e PO (p), (22)

where Wy(p) does not depend on the coordinates of the event space. Using the standard
representation of the y-matrices, we can write Wy (p) for the neutrino with definite helicity as
follows

Wo(p) = gf : (23)

where y, is a three-dimensional spinor, which describes a neutrino with the spin oriented
along the direction of the canonical momentum

1
Xc= (/fi) @u = lxe. (24)
¢ [pl

The equation on A{, Ag, Bf, Bg has non-trivial solutions when

2 + 2
(¢~ 2ol + 20l - 2a+ 172000 - o) - 52 = £, ©3)
where
A= \/(fo(po = {Ipl) — (m? — m2) cos 20)% + (m? — m2)? sin” 26, (26)

and ¢ takes the values either 1 or —1. In vacuum these values of £ correspond to the energies
of different mass states. Coefficients Af, Ag, B‘;, B‘; are defined up to a multiplicative constant

N
in 26
Np°A] = L S;n (P° = ZIpl + my)(p® = LIpl — my), 27)
in 20

Npas = P20 gt~ cipl - o), 28)
3 sin 20 1 fi 1 cos26

Wi = B0 g (awl- 2 (o 5 - 252))
X (m} = m3 — €A+ fo(p® = {p) cos 26), (29)

2 5in® 26 1 1 29

Np°B; = fOT(PO—flpl)+E(po—mz—g(a+§—Cosz ))

X (m% —m; = &M+ fo(p® = ZIpl) cos 29) . (30)
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The constant N is chosen in order to satisfy the normalization condition
(A + (A + (B + (B = 1. (31)

For ultra-relativistic neutrino pO > m; in the medium with reasonable density, when
fo < p°, the formulas (27)-(30) become more simple. In this case the solutions for left-
handed neutrinos ({ = —1) in the mass representation are as follows

X-sing, X-COS ¢
N7} (X) — L —X- sin ¢+ e*i(&.tfpx) 07 (x) — L —X- CF)S ¢— e*i(s_tfpx) (32)
* V2 | x-cose. T V2 | —x-sing- ’
—X-COS ¢, X-sing_
Here €., e_ are the energies corresponding to & = +1 and ¢ = —1 in (25). In these formulas
we use the notations
2 fop° sin 26
sin2¢, = Jop_sin

\/(2 fop® sin20)2 + (2o p0 cos 20 — (m2 — m?))?
(m3 —m?) = 2fyp° cos 20

\/(2 fop® sin26)2 + (2 fop° cos 26 — (m2 — m2))?

(33)

cos2¢. =

where p® = &,. To satisfy the orthogonality condition with the accuracy chosen we have to
assume that p° = (e, + e_)/2 and ¢, = ¢_ = ¢.

In the limit fy — O the solutions of the evolution equation are the wave functions of the
mass states in vacuum. Then &, corresponds to the second mass state and &_ corresponds to
the first mass state. However, in matter that is not the case. So, the mass states of neutrino in
medium do not exist.

In the flavor representation the stationary solutions with the canonical momentum p for
& =1 and & = —1 take the form

X- sin 8, X-cosb,,

i _ U xesintn | iearpy _ L x=cosOu| ieipy

Yi(x) = | x-cosh, e , Y= 5 | ~x_sing, e , (34)
—X- cos 6, X-sin6,

where 6,, = 0 + ¢ is the effective mixing angle in matter. It is well-known [5], that 6,, is
defined as follows

(m% - m%) sin 26

sin 26,, =

\/(2 fop® sin20)2 + (2fop° c0s 20 — (m2 — m?))?
(m3 — m?) cos 20 — 2 fop°

\/(2 fop® sin20)2 + (2o c0s 20 — (m2 — m?))?

(35)

cos 26, =

Thus, we can construct the wave functions of a neutrino with a definite flavor as a linear
combination of the wave functions of the stationary states. The coefficients in this linear
combination depend on the effective mixing angle in matter.

Right-handed neutrinos are described by the vacuum wave functions, where y_ should be
changed to y..

The dispersion law (25) generalizes the results of [10-13] on the two-flavor case. How-
ever, it should be noted that the dispersion law (25) for neutrino propagating in non-polarized
matter at rest was written yet in [14], though in that paper it was not consistently derived.
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4 Wave functions of spin-flavor coherent states

However, there are solutions of another interesting type, namely the wave function of a neu-
trino with definite velocity. Indeed, we can find the solutions, which are characterized not by
a definite value of the canonical momentum, but by a definite value of the kinetic momentum
q", which is connected with the 4-velocity of the neutrino u# by the relation ¢* = mu*. Hence,
g* = m?, where m is determined by the vacuum expectation value of the Higgs boson. We
will call such solutions the wave functions of spin-flavor coherent states.

These solutions can be written with the help of a resolvent U(x) [15, 16] in the form

1 -
Y(x) = Ux)Y¥y, (36)
vV 290 ’
where |
lPO — E(1 _ ijp%)(Yy‘]ﬂ + m) (lpo ® e]) s lPo‘PO =2m. (37)

Here y° is a constant bispinor, e; is an arbitrary unit vector in the three-dimensional vector
space over the field of complex numbers, s"o is the 4-vector of neutrino polarization, which
satisfies the condition (gsp) = 0.

In the two-flavor model in the flavor representation the resolvent takes the form

- 1 1 1
00 =5 > exp {—i(%(ml +m) + ()~ ¢R) (a . z))}

{=+1

Ze s 5 5
X [cos = —1isin — (X(oq - Y(O’3) (I =yyus"), (38)
2 AR °
where

Xg = Zi( (@(mz - ml) SIHZQ) .

m
| 1
Y, = Z_( (%(mz —my)cos 26 — 5((fx) - é’R))’ (39)

2 2
Zr = \/(% ((fx)—¢R) sin@) + (@(mz -my) — l ((fx)—¢R)cosb] .
m 2
In these equations the following notations are used
_ -t U9 - e
V(fay - 24 m~(f9)? - f*¢*

Note that the spin-flavor coherent solutions are not plane waves.

R

(40)

5 Quasi-classical approach

In the ultra-relativistic limit, we can use the quasi-classical description of the neutrino if we
consider x* as a coordinate of the particle instead of the coordinate of the event space. So,
x* = 1¢*/m, which means that the neutrino multiplet has a definite velocity u* = ¢*/m.
The proper time 7 is connected with the distance L between the source and the detector by
the relation 7 = mL/|q|. In this approximation, the solution defined by the resolvent (38)

7
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coincides with the solution of the quasi-classical evolution equation, which was obtained in
[17].

Using the quasi-classical limit of the wave functions of the spin-flavor coherent states, we
can calculate the probabilities of the transitions between states o and 8 with definite flavor and
helicity. It is important to consider such states, as only left-handed neutrinos of the electron
flavor are registered experimentally. In the two-flavor model, the projectors on the states with
definite flavors take the following form

@ 1 1 4 4
Py = S (1 +éoos). P =S (1+&0s). &6 ==1. (41

Here &, &) = +1 correspond to the electron flavor of the neutrino. The states with a definite
helicity are described by the 4-vectors of the neutrino polarization

so " = oSy 4" = Gy Sy = (uluu/lul). (42)
Here y,{) = +1 correspond to right-handed neutrino and y,{; = —1 correspond to left-

handed neutrino.
The transition probability is as follows

1+ &éy 1+ 4og; 1+ &é) 1 —4ody

Woop = w.
s 2 2 T 2 "2
1 = &é) 1+ 4od 1 = &é) 1 =404
- W — Wy, (43
S > 3t > 4, (43)
where

1/1 1

Wi = 5(50 = o5 )P(1 = S2,X2) + 51+ o)1= 52,35
+ (1= (555p)")NC1Coy + S 1S 1Yy Yy) cos(wr)
+ &0(1 = (555p))(S 41 Y41 Coy — CoiS 1 Yo1) sin(m)),

1/1
W = 5(501 - GspDE - 52,0, - 52,32
— (1= (553p))(Cs1Cy + S 1S 1 Y1 Yoy) cos(wr)
= &1 = (555pP)S 1 Y1 Cot = CaS 1 Y-sin(wn)),

1/1 1
W; = 5(5(1 — o5 )PS T X3, + 51+ dols5,) S X2,
+ (1 = (s55p)H)S 418 1 X1 Xy COS(wT)),

(44)

1/1
We = 5(501 = GspDs3 X, +52,3)

+

=1 = (558 1S 1 X1 X1 cos(w).

In these formulas,
cos(1Z+1/2), Sz =sin(1Z41/2),

“(fu) — f
A2 +a)J(fup =2, =TT
Vfu? - f2

g Q
o
I I

=
I

((mz —my)sin 29)/Z:1,
(((Fw) F J(Fw? = £2)/2 = (ma = my) c0s 26)/Z.1,

o
Il

2 1/2

{(((fu) F A(fu? - £2)/2 — (my — my) cos 26’)2 + ((m2 —my) sin 29) }

N
Il

(45)
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Figure 1. The dependence of the overall amplitude of the spin-flip transition on the angle

These probabilities depend on six frequencies.

The spin-flip probability W = W, + W is the probability to find the neutrino in a state with
the helicity different from the initial one. The spin-flip probability depends on four frequen-
cies, and it is restricted from above by the overall amplitude 4, which does not depend on the
number density of the background fermions. It depends on the 4-velocities of the medium
v* and the neutrino u*. Actually, it depends on the absolute values of the velocities and the
angle ¢ between them. Fig. 1 illustrates the typical dependence of the overall amplitude on
the angle ¢. If the neutrino is moving faster then the medium, then the maximum value of the
overall spin-flip amplitude is 4,4, = (v(z) -1/ (ug — 1). If the neutrino is moving slower then
the medium, the maximum value of the overall spin-flip amplitude is Z,,, = 1.

However, the maximum of the overall amplitude does not always coincide with the max-
imum of the probability. For example, when the 4-velocities of the neutrino and the medium
are exactly equal (% = 0), the amplitude is equal to unity, but as the relative velocity of the
neutrino and the medium is equal to zero, there are no spin-flip transitions in this case.

The influence of the medium on the neutrino propagation is characterized by the param-
eter k

_ V2Gen,)

= , (46)
|y — my|

which is proportional to the number density n,) of the electrons of the medium in the labora-
tory frame. Fig. 2 and Fig. 3 illustrate the typical dependence of the spin-flip probability on
the distance between the source and the detector. The scale on the horizontal axis is L/L,.,
where L, is the flavor oscillation length in vacuum.

Fig. 2 a) and Fig. 2 b) illustrate the dependence of the spin-flip probability on the distance
in the case, when the neutrino is moving slower then the medium. The figures are given for
the angle value 1,,,,, which corresponds to the maximum of the overall amplitude. The green
line corresponds to the neutrino, which initially had the electron flavor (£, = 1) and the red
line corresponds to the neutrino which initially had another flavor (£, = —1). It is interesting,
that the difference in the spin behavior of the neutrinos, which initially had different flavors,
is significant.

Fig. 3 a) illustrates the dependence of the spin-flip probability on the distance, when
the angle ¢ is different from the maximum amplitude angle 9,,,,. Fig. 3 b) illustrates the
dependence of the spin-flip probability on the distance when the neutrino is moving faster

9
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Figure 2. The dependence of the spin-flip probabilty on the distance between the source and the detector
for ug = 10, vy = 50, cos & = cos I,
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Figure 3. The dependence of the spin-flip probabilty on the distance between the source and the detector
for k = 10

then the medium, which is usually the case. In both cases the difference between the behavior
of the neutrinos, which initially had different flavors, is significant.

6 Conclusions

The results presented in this paper may be used for a consistent quantum-field theoretical
description of the neutrino evolution in matter.

10
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