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Several new and interesting aspects of neutrino oscillations in a magnetic field are
considered: 1) we develop a standard usually used approach to the neutrino spin
oscillations in the neutrino mass basis and obtain the effective neutrino spin (and “spin-
mass”) oscillation Hamiltonian that can be used for description of the neutrino oscillations
between different pairs of neutrino states with different masses and helicities; 2) we derive
the exact solution of the Dirac equation for a massive neutrino with nonzero magnetic
moment in the presence of a constant transversal magnetic field that is rotating along the
direction of the neutrino propagation (the twisting magnetic field) and on the basis of the
obtained energy spectrum the neutrino spin oscillation effective Hamiltonian is derive; 3)
we develop a new approach to neutrino spin oscillations that is based on the description
of the neutrino spin states with the corresponding spin operator that commutes with the
neutrino dynamics Hamiltonian in the magnetic field. The obtained new results can have

important phenomenological applications.
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New approach to neutrino oscillations in magnetic fields Alexander Studenikin

1. Introduction

Experimental and theoretical studies of flavour conversion in solar, atmospheric, reactor
and accelerator neutrino fluxes give strong evidence for nonzero neutrino masses. A massive
neutrino can have nontrivial electromagnetic properties and, in particular, nonzero magnetic
moment [1]. A detailed review on the neutrino electromagnetic interactions is given in [2].
If neutrinos have magnetic moments then in the presence of a magnetic field neutrinos spin
can process [1,3-7]. The possibility for the resonance amplification of the neutrino spin-
flavour procession (if flavour neutrinos have the so-called transition magnetic moment) was
first considered in [8,9].

Neutrino transitions and oscillations in the presence of a magnetic field have been
investigated before in different aspects. A detailed review of this topic is presented in [2]
where the corresponding references to numerous publications can be also found. In our
present paper we discuss several important issues in theoretical description of neutrino spin
and spin-flavour oscillations. In Section B we develop a standard usually used approach to the
neutrino spin oscillations in the neutrino mass basis and obtain the effective neutrino spin
(and “spin-mass”) oscillation Hamiltonian that can be used for description of the neutrino
oscillations between different pairs of neutrino states with different masses and helicities.
In Section B we derive the exact solution of the Dirac equation for a massive neutrino with
nonzero magnetic moment in the presence of a constant transversal magnetic field that is
rotating along the direction of the neutrino propagation (the twisting magnetic field). Using
the obtained energy spectrum the neutrino spin oscillation effective Hamiltonian is derived.
In Section B we develop a new approach to neutrino spin oscillations that is based on the
description of the neutrino spin states with the corresponding spin operator that commutes
with the neutrino dynamics Hamiltonian in the magnetic field. In the customary approach
the neutrino helicity operator is used that does not commute with the neutrino dynamics
Hamiltonian in the presence of a magnetic field.

2. Standard approach to neutrino spin oscillations in a magnetic field

Consider two physical neutrinos, v; and v,, with corresponding masses m| and my. Each
of the physical neutrinos are a superposition of the neutrino flavour states, v, and v,. In
general, a neutrino beam is a superposition of the mass states v; and v,, or alternatively of
the flavour states v, and v,. Usually a notation for two neutrino basis are used,

vin) — <V1> Ly = (V> , (2.1)

and two neutrino basis are related by the mixing matrix

Dy U= cosO sin6 99
v V' (—sichosH ’ (2:2)
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where 6 is the mixing angle. We restrict ourselves to two neutrino generations. The evolution
of the neutrino beam in the physical basis is governed by the Schrodinger type equation

v () =H. yP) 9.
Y (t) = Hyae V" (1), (2.3)

Hyyo = Er 0 (2.4)
0 E,

is diagonal in this basis, and the relativistic neutrino energies are

2
m
Eo=y/p?tmg~pl+o 0, a=12 (2.5)

Consider neutrino oscillations in the presence of a constant magnetic field given by the

where the Hamiltonian

vector B. As it has been already mentioned in the introduction, a massive neutrino should
have a nonzero magnetic moment. We introduce notations t;; and py; for the corresponding
magnetic moments of neutrinos v; and v;. The magnetic moments interact with a magnetic
field and from classical physics we know that the magnetic field exerts a torque on the
magnetic moment. In quantum field theory, magnetic moment interaction between two
neutrino fields v, and vy (o' = 1,2) is given by

1 _
HEM = —Euaalva/G”vVaF#v—i-h.C. 3 <26)
F"V is the electromagnetic field tensor. In a constant magnetic field the Hamiltonian (20)

is
1 —
HEM = —iuaa/vdszva—i_h-C-, (2‘7)

¥ = (‘(;" g), (2.8)

and o; are the Pauli matrices. When v, and vy represents different fields (o # ') the

here

values g are called the transition magnetic moments.

Each of the neutrinos v; and v, can be in two spin states. These two neutrino quantum
spin states with the same mass can be considered as two different neutrino species. Totally
there are four neutrino species that can be mixed by the magnetic field presence and
transitions between different neutrino spin states Vg, < Vo y (0,0 =1,2, s# ') can be
generated. Here s and s are two different neutrino spin quantum numbers. The probability
of these conversions depend on time that provides the existence of neutrino spin oscillations.
Note that there are two different types of neutrino spin oscillations that precede without
changing of a neutrino mass state (o = ') and with changing mass state (a # a'). The
later case we call the neutrino spin-mass oscillations.

When a neutrino with nonzero magnetic moment is placed in an external magnetic
field, different spin states acquire different magnetic potential energies which are similar
to the matter potential [19] and must be accounted in the effective Hamiltonian in the
Schrédinger type neutrino evolution equation (E222) (see also [2]).
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Let us calculate the magnetic potential energies Vg .o/ ¢ corresponding to transitions
between different neutrino states in the presence of an arbitrary oriented in respect to the
neutrino propagation magnetic field. It is supposed (see Fig. @) that neutrinos momenta
are along n, axis and B, and B are the transverse and longitudinal components of the
magnetic field.

Puc. 1: An external magnetic field B =B + B orientation in respect to the neutrino v; and v,
momenta p; and ps.

From the magnetic field interaction Hamiltonian (E74) it follows that

u, , ’ ZB O
V(x,s;(x’,s’ = <VOC,S|HEM|V(X/,S/> = —%/Cﬁxvgﬂo ( 0 TB Vo (29)
where
E o
Vos = Cq Lo+ Mo Zpl/is e_lEat'Hpax’ (2.10)
2Ea Eq+mg Us
and

Ey +mgy Ug . .
VOC/,S’ (m(X,7p(X’7EOC/) = COC/ W zpa, e tEa/tthpa/x' (211)
Eal E +mgy Uy

For the considered case of ultrarelativistic neutrinos we describe neutrino spin states
by their helicities. Therefore for a particular type of a massive neutrino v, there are two
different spin states given by

Usg—1 = (é) , U] = <(1)> , (2.12)

that correspond to the right-handed vg and left-handed vy chiral neutrinos, respectively.
As well known [1,3,5,6], the spin of such a neutrino can precess in a transversal magnetic
field.

From (E9) we get

1 X0 Uy
Vasias = _E.uoca’ctxca//d4XB (u;r Efignauj;) (0 _2> ( 2"1’&f u )
S/

Eqr+mg

% \/(Ea +ma) (Ea’ +ma’)
2\/EaEa/

exp (—iAEt +iApx). (2.13)

It is possible to show that

oo ) (5 9) (2 -

S
E,+mgy

=t () (- eyt my) 2 (1 G ) ) o 210
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In the case of ultrarelativistic neutrinos 'g—z < 1 we have

PoPo V(Eoa+mg)(Eq+my)  _
(1 "~ (Eq+ma) (Eq —I—ma/)> . (2.15)

2WEEL

where )
—1 ma ma/
== = . 2.1
yaa 2 <Ea + Ea/ > ( 6)
and
(1+ PoPo ) \/(E(% +ma) (Ear +ma) =1. (2.17)
(Ea + ma) (Ea/ +ma/) 2\/ E(an/

In the strightforward calculations we obtain that
1
wl_ ZBu,y = (10) 2 (o) (B +B.) =

= <1 O) 03 (é) Bcosf + <1 0) o (é) Bsinf3 = Bcosf, (2.18)

u'_ EBus__| = Bsinf, (2.19)
u'__EBu,_; = Bsinp, (2.20)
uI:_leus:_l = —Bcosf. (2.21)

As it can be expected, in neutrino transitions without change of helicity only the B = Bcos 8
component of the magnetic field contribute to the effective potential, whereas in transitions
with change of the neutrino helicity the transversal component B, = Bsin 3 matters.

Now we consider two different neutrino mass states with two helicities as four neutrino
species Vi s—1, Vis=—1, Va1 and Vo 1. From the performed calculations we conclude that
the effective neutrino oscillation Hamiltonian that governs the massive neutrino oscillations
in the presence of a constant magnetic field is

Hepm :Hvac+Hu7 (222)

where the corresponding contributions of the magnetic potentials Vg .o/ ¢ to the oscillation
Hamiltonian are given by

ﬁlu% linBé #12% leBé
H, :% .‘:Lllii .UIIBYH ﬂlzgi N112;,12 (2.23)
127, Hi2b1 Hxo - H2bi
Hi2By —#12% H22B —#22%
Finally, for the neutrino evolution equation we get
Viei E1+ﬂ11% Hi1By le% Hi2B1 Viei
o B B u
d | Vis=-1 :1 B,  E —.Unyf‘l‘ M12B | —leyf‘z‘ Vi s=—1 (2.24)
dt | Vas=1 2 #12% Hi2B 1 E2+H22% 2B V2,5=1 .
V2= Hi2B | —le% MoyB  Er— sz% Vas==1
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The obtained neutrino evolution equation contains information on all possible oscillations
in the presence of a magnetic field between different pairs from four neutrino states with
masses mj and my and helicities given by s =1 and s = —1. Consider three typical cases. For
neutrino evolution between two neutrino states with equal masses and different helicities,
for instance v| -1 < Vi ——_1, from (Z23) it follows

B
;4 Vis=1 ) _ Hn a BL Vis=1 (2.95)
dr \ vig=—1 2 \B, —% Vis=—1

For neutrino evolution between two neutrino states with different masses and different
helicities, for instance Vj 4—1 < Vi —_1, from (EZ24) it follows

2 B
ii Vis=1 | _ 1 % +I~l11y7‘1 M12B | Vi s=1 (2.26)
dt \Vas—1) 2 uBL 4% — i) % V2s=-1

For neutrino evolution between two neutrino states with different masses and equal helicities,
for instance V| 4=1 < V241, from (EZ24) it follows

2 B B
d (vig=1)| _1 %’2 +,u11},T‘1‘ “1277! Vis=1 (2.27)
= Hi23, 4 T H227,, =

From the obtained equations (E223), (2228) and (E=27) several general conclusions on the

influence of an arbitrary magnetic field B=B, +B; on neutrino evolution are strightforward:

1) the mixing between two neutrinos with different helicities is due to the corresponding
magnetic moment (or transition magnetic moment) interaction with the transversal magnetic
field B,

2) the longitudinal magnetic field component B|| coupled to the corresponding magnetic
moment shifts the neutrino energy,

3) in case of nonzero transition magnetic moment fj,, the mixing between neutrino
states with different masses is induced by the interaction with B|.

The obtained results can be translated to the flavour neutrino evolution and oscillations
by inclusion of the neutrino mixing effects following to (222). Then the effect of the background
matter can be also added. Note that a possibility of the resonant amplification of neutrino
oscillations in the longitudinal magnetic field were discussed in [10-12].

3. Neutrino propagation and spin oscillations in twisting magnetic field

The problem of neutrino spin oscillations in the presence of a transversal in respect to
the neutrino propagation and twisting magnetic field, given by

B, (z) = B cos(kz)e, + B, sin(kz)e,, (3.1)

where k =2m/A and A is the length of a period of the magnetic field rotation, and its
possible phenomenological implications was discussed before (see, for instance, [12-17]). In
this section we derive the exact solution for the Dirac equation for a massive neutrino with
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nonzero magnetic moment including the exact expression for the neutrino energy. Then on
this basis we consider the neutrino spin and spin-mass oscillation in such a magnetic field.
We consider the Dirac equation for a massive neutrino moving in the twisting magnetic

field in the following form,
Yp —m; — ;B (£ cos(kz) +X» cos(kz))} vi(p) =0, (3.2)

where matrices are are given by (23). It is supposed that the neutrino propagates along e,
direction. Then the solution can be found in the form

C eikz/2
Czefikz/Z
C3€ikz/2
C4efikz/2

¥(z) = Ce™ (3.3)

From (B2) and (B3) for the neutrino wave function we obtain the following equation

(m[ —E) u,-BLe_"kZ P3 0
.B ikz —E _h
HiB e (m; —E) 0 ps__k v=0. (3.4)
p3 0 —(m+E) —pB e ™
0 —p3s  —MiBLe™ —(mi+E)
and then .
(mi—E) wBre™™ (p3+k/2) 0
uiBLeikZ (mi _E) 0 _(p3 - k/2) 0 (3 5)
(p3+k/2) 0 —(mi+E) —pB e '
0 —(p3—k/2) —‘LL,'BJ_eikZ —(mi—|—E)
For the neutrino energy spectrum from (B3H) we obtain
E= i\/miz + P2+ (k/2)> + (miB1)* + 2S\/m?(ﬂiBL)2 + P2 (1iB1)* + (k/2)%), (3.6)

where s = +1 correspond to two neutrino helicity states. In the limits p >>m; , p >> ;B ,
p >>k we can simplify it to

E= i\/ m; + (p+s\/ (WiB1)? + (k/2)%)%. (3.7)
Finally, for the neutrino wave function components we obtain

1

XWiB 1 .
Y =C | Emprmp, 2y | e F 0T, (3.8)
pt3
1+(E_—£n,-)x wB,|
P—3

where

2(pE +mi(k/2))/(p* — (k/2)*)
miszz ’

iB1)*
(p—k/2)+ 57 — W)
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In the case of relativistic neutrinos from (BZ) for the energy we get

m; + (k/2)* + (
2p

E~p+ mBL)” \/(u,-BL)Z + (k/2)2. (3.10)

Consider two neutrino species V,—| and V,—_| with equal masses m = m; and of different
spin states s = 1 that forms a new neutrino basis

V= (:Z:*i) . (3.11)

Obviously, the effective neutrino evolution Hamiltonian in this basis is diagonal and the
evolution equation is

d (le) _ <+\/ (“BL())2+(k/2)2 0 ) <"s+1>, (3.12)

T \vee VB k727 ) \vees

here u is the neutrino magnetic moment. In the case of two neutrino species vj 1 and
Vo s——1 with different masses m; # m, and different magnetic moments p; and p, the
evolution equation takes the form

d (i, a4 g 0 Vi
i< l,s-&-l) _ | 4 1 2 ( 175‘|‘1>7 (3_13)
dt \ Vo 5—_1 0 -2 —a V2 s=—1

4p

where

ai=\/ (uiBL)* + (k/2)2. (3.14)

In the production and detection processes neutrino participate by their left-handed
chiral (negative helicity) states. Therefore, in order to study possible phenomenological
consequences of neutrino oscillations in twisting magnetic fields one should represent the
initial left-handed neutrino as a linear combination of the basis neutrino states vy, vy (i,j=
1,2 and s,5' = £1), then include the neutrino oscillation process that proceeds following
the neutrino evolution equation (B12) or (BI3), and at the final stage again extract the
left-handed neutrino component that only interacts in the detector. The above scheme is
implemented and discussed in details in the next section.

4. Neutrino oscillations within precise description of spin states in magnetic field

In this section we show that there can be more precise approach to neutrino oscillations
in the presence of a magnetic field than one usually used in literature and that we also
apply in Section B. Within this customary approach the helicity operator is used for
classification of a neutrino spin states in a magnetic field. However, the helicity operator
does not commute with the neutrino Hamiltonian. This case resembles situation of the
flavour neutrino oscillations in the nonadiabatic case when the neutrino mass states are
not stationary. The proposed alternative approach to neutrino spin oscillations is based
on the exact solutions of the corresponding Dirac equation for a massive neutrino wave
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function in the presence of a magnetic field that stipulates the description of the neutrino
spin states with the corresponding spin operator that commutes with the neutrino dynamic
Hamiltonian in the magnetic field.

Here we again consider a simple model with two generations of flavour neutrinos v, and
v, that are the orthogonal superpositions of mass states v and v,

vr =) UV, (4.1)
1

where Uy; are elements the mixing matrix given by (E2) and f =e,u, i = 1,2. We start
with consideration of a massive v; with the magnetic moment u; that propagates along
n, direction in presence of constant homogeneous arbitrary orientated magnetic field B =
(B1,0,B)). The neutrino wave function in the momentum representation is given by a plane
wave solution of the modified Dirac equation

(vp —m; — wEB)vi(p) = 0. (4.2)
The neutrino energy spectrum can be determined from the condition
det(yp —m; — ,EB) =0, (4.3)

which guarantees the existence of a nontrivial solution of the modified Dirac equation (E=32).
For the neutrino energy spectrum we obtain

Ef = \/ m? + p*+ W2B2 £ 21 /m?B2 + p2B | (4.4)

where “+” denotes two different eigenvalues of the Hamiltonian

H; = y(m; + yp+ WwEB), (4.5)

which describes dynamics of the neutrino system under consideration.

Of course such a simple model can pretend to an approximate description of a realistic
physical process. It also enables one to reveal general properties of spin and spin-flavor
oscillations in the presence of an arbitrary magnetic field that should be important for
phenomenological applications.

Our approach is based, at first, on the obtained the exact neutrino energy spectrum
(E3A) in the magnetic field. Secondly, we define different neutrino spin states in the mass
basis as eigenstates of the spin operator (see [18])

1 I
S = E(ZB—%YM’S (£ xp]B), (4.6)

which commutes with the Hamiltonian (E33). Hence, we specify the neutrino spin states as
the stationary states for the Hamiltonian, contrary to the case when the helicity operator
is used.
Consider the mass state v; as a superposition of neutrinos v;“ and v; in a definite spin
state,
Vi=ci v tev. (4.7)
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The complex coefficients denote two different eigenstates of the spin operator S; and |c;° 2+
|c;|> = 1. Thus, the neutrino mass states evolve following to

Vi) = [ef e EIES e 1] o, (4.8)
where the neutrino initial state at ¢t = 0 is given by

VvE(r = 0) = EFelPr, (4.9)

In the following calculations the term e’P* is neglected because it is irrelevant for the neutrino
oscillation probability.

Next we assume that the initial neutrino state v(r = 0) is a pure electron state which
is defined as the superposition of the mass states,

V(t=0)=[c] & +c7 & | cosO+ [c5 & +c5 & | sinb. (4.10)
Using I8 we see that this state depends on time as
v(t) = cfre*"Erté’lJ“ +cfe*"E17t§f} cos 0 + [c;e*iElftcs; +c£e*"E27t§2*} sin . (4.11)
Therefore, the probability to observe the muon neutrino state v, at time 7 is given by
Py, (1) = | (Ve V0)]?, (4.12)

where
V== [e] & e & Tsing + [ & 4y ] cosh.
It is clear that

&g =8amd g =g =o, (4.13)

where 5,5’ = +. Using (A1) and (EI) we get
[(vu|v(e))] = (|c2+|2e*sz+ ey P Bt — et PeE — o7 PeET ’) sin@cosB,  (4.14)

and

L Ef —E; L Ef—Ef

Proy () = { lef Pl Poind 525 F -t e Plef it £2. 01
Ef —ET E; —E;f
g Pley Poin® 2Lt e Plef Poin? 2L

E, —E Ef —Ef
+cy ]2|cf ]2 sin® %t — |c1+ ]2|cf ]2 sin® lzlt} sin%260. (4.15)

It is usually assumed that the initial state of relativistic neutrino is a negative-helicity

state, which means that

Yp,
p|
Next we consider the left-handed spinors because only the left-handed fermions participate

—& (4.16)

in the production and detection processes and we suppose that each of the mass states of

10
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the initial electron neutrino are left-handed. In our case the helicity operator is equal to
Yp/|p| = o3, therefore the initial neutrino state is given by

YL = (4.17)

S O = O

Let us write the initial neutrino state y; as a superposition of the eigenvectors of the spin
operator S;. From (E@) we get

cos¢  sing 0 —% sin¢
Si= sing ;C(.)Sd) m $in ¢ .0 ) (4.18)
0 po sing cos¢ sin ¢
—% sing 0 sing  —cos¢

where ¢ is the angle between B and p. It is obvious that

2
$2 = <1—|—pzsin2¢) Tixa (4.19)
n;
In order to define the spin projector operators we introduce the normalized spin operator
following to

S;=NS;, S§t=1. (4.20)

> . i
1+ 2 sin’ ¢
ml.

The spin projector operators are

(4.21)

and we use them to split the initial neutrino state yg in two neutrino states with definite

spin quantum numbers

N;sin¢ —N;sin @
1] I—Ncos¢ B _ 1] I1+Njcos¢
+ — P+ = — ! T =P = — ! . 4.22
VimiVe=a | ensing |0 Y T YET 2| —2nising (4.22)
0 0

Note that y; = yi" +y; =c/n' +¢;n;, where nii is a basis in the spin operator S;
eigenspace. From the condition

vty =l (4.23)
we get that . -
i | = %S(P e [P = %COS(P (4.24)
where as in eq.(E=20)
Ni = : (4.25)

SR
)
1+ 25 sin” ¢
1

11
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Now we can insert the obtained expressions (=) for |¢i°|* in eq. (EIH). In the
forthcoming evaluation of the probability Py, ,y, (t) we consider the case when the magnetic
field B is nearly a transversal one and B, > B)|, therefore

sin¢ ~1, cos¢~0. (4.26)

Then we get (it is also supposed that s N 1)

17
Lrsin’e e

Ni~1-— N . (4.27)
l—i—%sinzq& psin® ¢

Thus, for typical combinations of the coefficients |cljE ? of eq.(E0IH) in the linear approximation
over cos¢ < 1 we get

i Ple; 1= M%Z (1.99)
EIRERES %(I—S(Nl-l-Nz )cos ) ~ i( 0s¢), (4.29)
ot Pler P ~ %(1—(N2—N1 )cos ¢) ~ i( cos¢>, (4.30)
ey [Plef|? ~ %(1—(N1 —Ny)cos @) ~ ( cos¢>. (4.31)

Using these expressions finally from (E3) we get

1 ES—E; ,ES—Ef Er—E
Py sy, (1) = - sin”26 {— sin’ ZTI +sin? 2L s 4sin? 2Lyt

4 2 2
E; —E;f E; —E; Ef —E;
+sin? 2——L ¢ 4sin? 2L —sin? L L} 4
2 2 2
yES —Ef Ef —Ef
+Lsm 29005(;){ 221tsin2221t}+

2_m? - _ gt i
m; - 2By —E, 2By —E

+ 7 Lsin 26cos¢{s1n e (4.32)

Note that two last terms here are suppressed by the presence of cos¢ < 1.
If we also account for a rather general condition 2uB | < p then the following approximation
can be used for the neutrino energies

+ 2 m2 z.utBL 12
EF ~|m; +p>£2upB, ( 14+ 55 | ~p 1—|——’:|: p—l——:l:‘ulBL (4.33)
2p p? p 2p

Finally, for the neutrino oscillations probability in the flavour basis we get

A 2 A 2
Py, v, (t) ~ sin 220 sin %t += 5 < 22 5 H Bt +sin’ H —; H Bﬂ) sin® 26 cos %t

1
-1 sin®20 (sin® 1 B t +sin® B 1), (4.34)

12
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where Am? = m% — m%

It should be emphasized that, as it follows from the above derivations, the obtained
probability Py, v, (f) accounts for the transitions from the initial left-handed electron
neutrino to the final muon neutrino that can be in both left- and right-handed states.
Note that in the mass basis the transition vi; — Vog is not possible when pj; =0 (see
eq.(ZZ23)).

Consider the difference AP(t) = Py, v, — Py, v, of the probability Py, .y, (t) given by
(E=348) and the usual result

2

, . o Am
Py, sy, () = sin®20 sin”
v

t (4.35)

for the neutrino flavour transition v,; — vyz. Obviously, this difference is just a probability
for the transition Py, —y,,, and we get

2 Ap 2 Ay

P _ | Bt +si B.1)sin? 20 cos Vs
Vei—vur = 5 | SIN° —5—B.t+sin” —=B,1 | sin” 28 cos »

1
-1 sin>20 (sin> 1 B t +sin® B 1), (4.36)

where the notations are used Ay = o £ ;.

Here we recall that the result (B238) is obtained within an approach that implies the
description of the neutrino spin states by using the spin operator (E8) that commutes with
the neutrino dynamical Hamiltonian. Contrary to what is usually obtained (see, for instance,
in [2]) that the transitions Ve, — Vug in B are not possible in the case of zero transition
magnetic moments, from (E=30) we show that the discussed transitions can proceed even in
the case when the transition magnetic moments are zero. This predicted new phenomenon
can have important phenomenological consequences in implications of neutrino transitions
in magnetized astrophysical media.
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