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We study the spin-flavor transitions of neutrinos, De-v,, Ve-7,, etc., in the magnetic fields of a
collapsing star. For the neutrino mass squared difference Am? ~ (107'°-10) eV? the transitions
take place in an almost isotopically neutral region of the star, where the effective matter density is
suppressed up to 3—4 orders of magnitude. This suppression is shown to increase the sensitivity of
the neutrino burst studies to the magnetic moment of the neutrino, u, by 1.5-2 orders of magnitude,
and for realistic magnetic field the observable effects may exist for p ~(2-3)x10"**up (up is the
Bohr magneton). In the isotopically neutral region the jumps of the effective potential exist which
influence the probabilities of transitions. The experimental signatures of the spin-flavor transitions
are discussed. In particular, in the case of direct mass hierarchy, the spin-flip effects result in a
variety of modifications of the . spectrum. Taking this into account, we estimate the upper bounds
on uB from the SN 1987A data. In the isotopically neutral region the effects of the possible twist
of the magnetic field on the way of neutrinos can be important, inducing distortion of the neutrino
energy spectra and further increasing the sensitivity to pB. However, if the total rotation angle is
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restricted by A¢ < 7, the absolute change of probabilities is small.

PACS number(s): 14.60.Pq, 13.40.Em, 95.85.Ry, 97.60.Bw

I. INTRODUCTION

At least 100 neutrino bursts from the gravitational col-
lapses of stars in our Galaxy are already on the way to
the Earth.! A registration of even one of those by the
existing detectors Kamiokande [2], Baksan [3], LSD [4],
and especially by the new installations Large Volume De-
tector (LVD) [5] (which is already working), SNO [6], and
SuperKamiokande [7] (starting to operate in 1996), Imag-
ing of Cosmic and Rare Underground Signals (ICARUS)
[8] (which is at the prototype stage) will give unique and
extremely rich information about features of the gravi-
tational collapse, supernova phenomena, and neutrinos
themselves. Already SN 1987A [2,9,3,4] has given a lot.
In general, one will be able to get information on the
energy spectra (as a function of time) of v., 7., as well
as of neutrinos of the nonelectron type: v,, ., vr, Ur.
Certain properties of these spectra do not depend on the
model of the star, thus opening the possibility to study
the characteristics of neutrinos. New experiments are
discussed to detect the neutrino bursts from collapses in
other nearby galaxies [10].

In this paper we consider a possibility to study ef-

!This comes about from the estimation of frequency of the
collapses in our Galaxy as 1/30 year [1].
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fects of the neutrino magnetic moments using the neu-
trino bursts. In the magnetic fields the neutrinos with
magnetic moments undergo spin precession [11-13], spin-
flavor precession [14], or/and resonant spin-flavor conver-
sion, e.g., Ver, = Uy g [15,16]. Previously, the applications
of these effects to neutrinos from supernova have been
considered in [12] (precession) and [15,17] (resonance con-
version). (See also [18-20].)

The spin-flip effects are determined by the product uB
of the neutrino magnetic moment yx and the strength of
the magnetic field B. The discovery of the effects cor-
responding to values of y near the present upper bound
p <(1-3)x107*2pup [21] (up is the Bohr magneton) will
imply rich physics beyond the standard model. From
this point of view the studies of the neutrino bursts are
of special interest since the magnetic fields in supernova
can be as strong as 1012-10'* G.

It is reasonable to address two questions, keeping in
mind that the magnetic field profiles of supernovas are
essentially unknown, and vary from star to star. What
are the experimental signatures of the spin-flip effects?
And what could be the sensitivity of the neutrino burst
studies to the magnetic moments of neutrinos or, more
precisely, to uB?

The spin-flip probability may be of the order 1, if

1
MZWy (1)
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where the strength of the magnetic field is integrated
along the neutrino trajectory. Suggesting the field profile

B~ B, ('";“—)k (2)

with By ~ 10'2-10'* G, k = 2-3, and r¢ ~ 10 km, where
r is the distance from the center of star, one gets, from
(1),

k-1

To

wBo 2

(3)

and g > (1071%-10"1")up. [For a constant field a similar
bound is uB > (Arg)™!, where Arp is the size of region
with the magnetic field.] These numbers look encour-
aging, being 3-5 orders of magnitude below the present
bound.

However, the estimation (1) corresponds to neutrino
propagation in a vacuum (no matter), where the preces-
sion takes place with maximal depth, Ap = 1. In this
case the “optimal conditions” for the spin flip are re-
alized: The value of 4B needed to change the spin-flip
probability by a given amount AP is minimal [22]. The
presence of dense matter strongly reduces a sensitivity
to u. Forward neutrino scattering (refraction) results in
neutrino level splitting: AH = Vgp, where Vgp is the
difference of the effective potentials acquired by the left-
and right-handed neutrino components in matter. Typi-
cally Vsgp ~ Vi, where

Vo = V2Gpn ~ \/QGFp/mN (4)

is the total potential, G is the Fermi constant, n is the
nucleon number density, p is the matter density, and m
is the nucleon mass. The level splitting suppresses the
depth of precession [13],

(2uB)* _ 1
(2uB)? + (AH)? 1+ [Vsp/2uB)?*’

()

P =
and to have Ap > %, one needs

1
uB > 3 VsF.- (6)

In a dense medium the restriction (6) is much stronger
than (3). Indeed, for a typical density of the neutrino
sphere of the supernova, p ~ 10*? g/cm® and for B ~
1014 G, one gets, from (6), u > 10~ 7. With an increase
of distance, the potential Vsp decreases as n o« r—3, or
quicker, and the restriction (6) relaxes faster than (3).
At r 2 Rg it becomes even weaker than (3) (here Rg =
7 x 10'° cm is the solar radius).

The suppression of the matter density (i.e., approach-
ing the vacuum condition) results in the increase of the
sensitivity to p. This is realized in the case of the res-
onant spin-flavor conversion [16]. If the left- and right-
handed neutrino components connected by the magnetic
moment have different masses m;, ms, having also dif-
ferent flavors, the matter effect can be compensated by
mass splitting:

Am?
2F

AH = Vip — =0 (7)

(resonance condition), where Am? = m2 — m?, and E is

the neutrino energy. Now the expression for Ap becomes

2uB)?
AP: N (’L ) A? 2 (8)
(2uB)? + (Vsr — 557)
and in the resonance (7) one gets Ap = 1. However,

since Vsp changes with distance, the equality Ap = 1
holds only in the resonance point rg. Strong compensa-
tion of the matter effects occurs in some layer around
rr whose size depends on gradient of the potential:
Vsr = dVsp/dr. Indeed, from (8) one finds that Ap > %,
if AH = AVsyp < AVg, where

AVg =2uB (9)

is the half-width of the resonance layer. The spatial
size of the region with Ap > 1/2 equals 2Arp =
Z(VSF)_lAVR = 2(VSF)_12;LB. Then the strong spin-flip
effect implies that 2Arpg is larger than half of the preces-
sion length l,: 2Arg 2 1,/2 = w/2pB. Substituting the
expression for Arg in this inequality one gets

2
= 2@uB)” 5 (10)
™ |VSFI

This is the adiabaticity condition in the resonance [15,16],
and kg is the resonance adiabaticity parameter. [Note
that the adiabaticity parameter v used in [16] is related
to that in (10) as kg = 2v/7n.] For large densities the
condition (10) is much less restrictive than (6), allowing
for a strong spin-flip effect for smaller values of uB. For
example, at B = 10 G, p = 102 g/cm?, and Vg /Vsr ~
7o ~ 10 km, one gets . > 3x10~ 25, instead of 10~ " up.

Here we will consider two new phenomena which sup-
press the matter effect and thus increase the sensitivity of
neutrino burst studies to the neutrino magnetic moment.
The potential Vs can be diminished for a special nuclear
composition of matter. We point out that this is realized
in the external region of supernovas, where the medium
is almost isotopically neutral. Another phenomenon is
the magnetic field twist— the change of the direction of
the magnetic strength lines on the way of neutrinos. The
field twist leads to an additional contribution to the level
splitting AH which can compensate the matter effect.

The experimental signatures of the spin-flavor transi-
tions of supernova neutrinos have been discussed previ-
ously in [17]. The influence of the spin flip on the rela-
tion between directional (induced by v.e scattering) and
isotropic (#.p interaction) signals was studied. Without
consideration of the dynamics of the propagation it was
suggested that the probabilities of different transitions
are either 1 or 0. The estimated number of events shows
that four cases, (1) no transitions, (2) only flavor transi-
tions, (3) only spin-flavor transitions, and (4) flavor plus
spin-flavor transitions, can be disentangled by new in-
stallations (SNO, SuperKamiokande). We will consider
a more general situation concentrating on the energy de-
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pendence of the transitions.

In this paper we study the dynamics of propagation to
estimate the values of uB needed for different effects. We
consider signatures of the spin-flip transitions related to
the specific density distribution in the isotopically neutral
region and to the possible presence of the magnetic field
twist. The paper is organized as follows. In Sec. II, we
describe the effective potential in supernovas. In Sec. III
the level crossing schemes for different values of neutrino
masses are found and the dynamics of neutrino propaga-
tion is considered. In Sec. IV, we study the dependence
of the transition probabilities on the magnetic field pro-
file and on the neutrino parameters. Section V is devoted
to the interplay of the spin-flavor and favor transitions.
In Sec. VI we consider some special effects of neutrino
propagation and discuss the possible implications of the
results. In particular, we describe the distortion of en-
ergy spectra of neutrinos and estimate the sensitivity of
the studies of v bursts to uB. Also, the upper bound on
(uB) will be obtained from SN 1987A data. In Sec. VII,
the effects of the magnetic field twist are considered.

II. ISOTOPICALLY NEUTRAL REGION:
EFFECTIVE POTENTIAL

For the spin-flavor transitions, e.g., ver, = Uur, Uer —
VuL, the matter effect is described by the potential [15,16]

Vsr = V2Gpn(2Y, — 1) = V (2Y. - 1), (11)

where Y, is the number of electrons per nucleon. The
value of Y. depends on the nuclear composition of the
matter. In isotopically neutral medium (No. protons =
J

0.6-0.7 ,
(2Y, — 1) =
—(0.2-0.4) ,

Consequently, in the isotopically neutral region the po-
tential Vg is suppressed by more than 3 orders of mag-
nitude with respect to the total potential V, (Fig. 1). We
calculated the potentials using the model of the progen-
itor with mass 15M, (where Mg is the solar mass) [23].
Two remarks are in order. For r < Rg the spatial distri-
butions of the total density are very similar (up to factor
of 2) for stars in a wide range of masses M = (12-35) M.
The profiles may differ appreciably in the external low-
density regions which are unessential for our considera-
tion. The collapse of the core and the propagation of
the shock wave change both the density profile and the
nuclear composition of medium. However, during the
neutrino burst (0-10 s after the core bounce) the shock
wave can reach a distance ~ several 1000 km at most.
Therefore most of the isotopically neutral region turns
out to be undisturbed and one can use the profile of the
progenitor.

Strong convection effects in the inner and intermediate
parts of the star, if they exist, may result in an injection

6649

No. neutrons), one has Y. = 1, and according to (11)
Vsr = 0. Consequently, the matter effect is determined
by the deviation from isotopical neutrality.

For flavor conversion the potential is proportional to
the electron density:

Vi ~ V2GpnY, = VoY, . (12)

Evidently, there is no suppression of Vg in the isotopically
neutral medium; V is suppressed in the central strongly
neutronized region of the star.

A. Isotopically neutral region

The progenitor of the type-II supernova has an “onion”
structure. Below the hydrogen envelope the layers follow
which consist mainly of the isotopically neutral nuclei:
4He, 12C, 160, 285i, 32S. Thus the region between the hy-
drogen envelope and the core, where elements of the iron
peak dominate, is almost isotopically neutral. The devia-
tion from neutrality is stipulated by small abundances &;
of the elements with a small excess of neutrons, ¢ = 22Ne,
23Na, 25Mg, ®¢Fe [23,24]. It can be written as

(1—21/;)%;& (1—%—”), (13)

where Z; and A; are the electric charge and the atomic
number of nuclei ¢, correspondingly. Typically, one gets
;& <1072 and (1 — 2Z) < 1071, and therefore, ac-
cording to (13), (1 —2Y,.) < 10~3. The value of (2Y. — 1)
equals

hydrogen envelope,
—(107%-1073) , isotopically neutral region, (14)
central regions of star.

[
of the elements of the iron peak into outer layers, thus
diminishing the degree of isotopical neutrality.

B. Properties of the effective potential

According to (14) and Fig. 1, the effective potential
Vsr has the following features: It is positive and of the
order Vy in the H envelope; Vsp decreases quickly and
changes sign in the border between the hydrogen enve-
lope and the “He layer (r ~ Rg); Vsp is negative and
suppressed by 3-4 orders of magnitude in comparison
with V4 in the isotopically neutral region; Vsg quickly in-
creases in the inner edge of the isotopically neutral region
(r ~1073Ry), and becomes again of the order V; in the
central part of the star. In the isotopically neutral region
jumps of the effective potential Vs (not V,) exist which
are related to the change of the nuclear composition in
the layers of local nuclear ignition. The jump may be as
large as an order of magnitude.
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FIG. 1. The dependence of the potentials for the spin-flavor
conversion 7. — v, (dotted and solid lines), and the flavor
conversions v. — v, (dashed line), on the distance from the
center of the star (M = 15Mg). At r ~ 0.8Rp, the spin-flavor
potential changes sign, and for r > 0.8Re we depict —Vsp
which coincides with Vsr for the v — 7, channel.

The isotopically neutral region spreads from 1073Rg
to ® Rg (Fig. 1). Here the potential changes from
Vsr = 10791078 eV to zero: Vor — 0, when r — (0.8
1)Rs. Below 1077 eV, however, Vsp(r) decreases so
quickly that no matter effects are induced. The de-
tectable energy range of the neutrinos from the gravita-
tional collapse is 5-50 MeV. Consequently, in the isotopi-
cally neutral region the resonance condition (7) is fulfilled
for Am? ~ 10719-0.1 eV2. This covers the range of Am?
interesting from the point of view of the solar and the
atmospheric neutrino problems. For the cosmologically
interesting values Am? ~ 4-50 eV?2, the resonance is at
the inner part of the isotopically neutral region, where
the potential is still suppressed by factor 1/30-1/100.

Let us stress that the suppression of the effective den-
sity takes place for the spin-flavor conversion only, i.e.,
when both neutrino components are active. In the case
of a spin flip into a sterile neutrino v, — U, the effective
potential equals V, = % (3Y. — 1), and in the isotopically
neutral region one has V, = %. The potential V; is sup-
pressed in the strongly neutronized central part of the
star, where Y, ~ } [18,19].

III. DYNAMICS OF THE NEUTRINO
TRANSITIONS

A. Level crossing scheme

We will consider the system of three massive neutri-
nos with transition magnetic moments and vacuum mix-
ing. For definiteness we assume the direct mass hierarchy
my € my < ms and the smallness of flavor mixing. The
energies of the flavor levels (the diagonal elements of the
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effective Hamiltonian), Hy (¢ = Ve, e, Yy, Py, Vry Ur ), CAND
be written as

H.=0,
H, = -V, (3Y. — 1) — &, (15)
2
H, =cos20 2™ _V, Y.,
Am? .
Hﬁ = cos 26 q—E_ —V() (21/3—1) —¢

Here 6 is the e-uy-mixing angle in vacuum. The v, en-
ergy levels H,, H- can be obtained from H,, H; by
substituting § — 6, and Am? — AmZ2,. The angle ¢(t)
(¢ = d¢/dr) defines the direction of the magnetic field in
the transverse plane. In (15), for later convenience, we
have subtracted from all elements the energy H. to make
the first diagonal element of the Hamiltonian (i.e., H.)
equal to zero. (This is equivalent to the renormalization
of all wave functions by the same factor which does not
change the probabilities.) The qualitative dependence
of the energy levels H, on a distance r for ¢ = 0 and
for different values of Am?/2E is shown in Fig. 2. The

FIG. 2. The qualitative dependence of the energy levels
on the distance from the center of the star, r, for different
values of Am?/2E. The energies are defined in such a way
that H(ve)(r) = 0 (solid line). (The energy scale is rela-
tive.) Dotted lines show a behavior of the eigenvalues of the
Hamiltonian near the crossing points. Also marked are the
positions of the inner and outer edges of the isotopically neu-
tral region. (a) Am?/E =~ 0, (b) Am?®/E < 107°/MeV, (c)
Am?/E > 107° eV?/MeV.
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resonance (level crossing) conditions read as H, = Hg
(o £ ).

The peculiar behavior of the effective potential Vsp
in the isotopically neutral region stipulates a number of
features in the level crossing scheme. With an increase
of Am? one gets the following changes. (The levels for
Ve and 7, are fixed, whereas v,, and 7, levels go up.)

For Am? 510710 eV2? (E ~ 20 MeV) the mass split-
ting can be neglected. Two crossings of the levels which
correspond to the spin-flavor conversions v, — 7, and
D — v, occur practically at the same point, where
(2Y. — 1) ~ 0 (r ~ 0.8Rgy), i.e., on the border between
the H envelope and *He layer. The crossings are stipu-
lated by a change of the nuclear composition of the star
[Fig. 2(a)].

For Am? > 107'° eV? the spin-flavor resonances v-7,
and De-v,,, are spatially split. With increase of Am? the
De-v,, resonance shifts to the center of the star, whereas
Ve-7,, shifts to the surface. Moreover, a second reso-
nance of the (7.-v,) type appears in the outer layers.
When Am? increases these same resonances approach
each other, and at Am? ~ 3x 1078 eV2 merge (a “touch-
ing” point of the v, and 7, levels) [Fig. 2(b)].

For Am? > 3 x 1078 eV2, there is only one spin-flavor
resonance U.-v,. The flavor resonance v.-v, lies closer to
the surface. When Am? increases both these resonances
shift to the center [Fig. 2(c)].

The v, level can cross the v, and 7, levels in the iso-
topically neutral region. Moreover, for cosmologically in-
teresting values of Am?; the v, resonances are in inner
edge of this region. They can also be in the central part
of the star.

B. Adiabaticity conditions

In the isotopically neutral region the effective poten-
tials for flavor conversion and spin-flavor conversion dif-
fer by 3—4 orders of magnitude. Therefore, the flavor and
spin-flavor resonances are strongly separated in space, in
contrast with the case of a usual medium. Consequently,
one can consider these crossings independently, reducing
the task to two neutrino tasks.

If 6 is small, the flavor transition is essentially a local
resonance phenomenon. It takes place at rg determined
from (15): H,(rgr) = 0. Therefore, the effect depends
on the local properties of the density distribution in res-
onance: Vg(rg) = VoYe(r) and Hp = Vg /VF|,,- The
flavor adiabaticity reads

Hp Am? sin? 26
m FE cos260

Kk > 1. (16)

[This corresponds to the situation when at least half of
the oscillation length is obtained in the resonance layer,
in direct analogy with the definition of the adiabatic-
ity parameter for spin-flip conversion (10).] Using the
potential Vg ~ V; (Fig. 1), we find that for neutrinos
with E ~ 20 MeV and Am? = 1076, 1073, 10~%, and
10~2 eV?2, the resonance is situated at 7 = 0.7Rg, 0.5Ro,
0.17Rg, and 0.03Rg, correspondingly, and the condition
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(16) is satisfied for sin® 20 > 0.5, 0.06, 0.02, and 10~3.
In contrast, spin-flip effects can be nonlocal even in
the case of a variable density. Indeed, the helicity mixing
angle 0p, which determines the mixing between the left
and the right components (in ultrarelativistic case), is

2uB

TAm?
SF =™ R

(17)

tan20g =

(In a medium with constant parameters #p determines
the depth of precession, when the initial state has a def-
inite chirality Ap = sin® 20p.) Since in general the field
strength depends on distance, the angle g can be large
enough in a wide spatial region provided uB ~ Vsp >
Am?/2E. For large B the spin-flip effect may not be
localized in the resonance layer, and moreover, the reso-
nance itself may not be local [25].

The gradient of 8 along the neutrino trajectory bp =
dfp/dr, determines the adiabaticity condition for spin
flip:

Amz2\?2
%)

7n0p S AH = \/(Z;LB)Z + (VSF -

The adiabaticity parameter can be written as

_AH _ [V?+ (2uB)**/?
N 7(uBV —VuB)’

: 18
i (18)
here V = Vsp — Am?2/2E. In resonance, V = 0 or Vgp =
Am?/2E, the expression (18) reduces to (10). Beyond

the resonance x depends on the magnetic field change.
In the extreme cases one has

3
KR (%) . Ver > Am?/2E

2 2 /0
KR (AZB/E) (‘;_Séa) ) Vsr < A"'71'2/2E‘ )

(19)

where kg is the resonance adiabatic parameter for a given
point (10). According to (19) the adiabaticity condition
is strongly relaxed, if Vsg > pB above the resonance
and if Am?/2E > pB below the resonance. For the
density and the field profiles under consideration these
inequalities are fulfilled, so that the adiabaticity is most
crucial in the resonance.

If the initial and final mixings are small, 0% ~ /2 and
0{; ~ 0, and the level crossing is local, one can estimate
the survival probability using the Landau-Zener formula

2 _=2( B \?
PNPLZ =g 4 "R =e * (BA) ) (20)

where B% = 7V /8u2 [see (10)]. At the adiabatic con-
dition B = B4, one gets P,z = 0.085. The prob-
ability increases quickly with a decrease of the field:
Pz = 0.3, 0.54, 0.8, when B/B4 = 0.7, 0.5, 0.3 corre-
spondingly (see Fig. 3). An appreciable effect could be
for Ppz = 0.8, when the magnetic field is about 3 times
smaller than the adiabatic value.
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C. Precession and the adiabaticity bounds

The propagation of neutrinos with a magnetic moment
in the magnetic field and matter is an interplay of two
processes: the precession and the resonance spin con-
version. A relation between them is determined largely
by the density distribution. Let us define the precession
bound for the product (uB)p as

(uB)p = %VSF- (21)

At (uB) = (uB)p, the precession may have the depth
Ap = 1/2 [see (6)]; for (uB) < (uB)p the precession
effects can be neglected. Let us also introduce the adi-
abaticity bound (uB)a using the adiabaticity condition

(10):
7Vsr ™ 1/2
(1B)a =\ =" ~ [ g Vet (22)

where Hgp = [dVsp/dr] 1Vsr is the typical scale of the
potential change. For (uB) > (uB)a the level crossing
is adiabatic. Comparing (21) and (22) one finds that
for fixed Hgp the precession bound increases with Vgp
faster than the adiabaticity bound. Consequently, for
large Vsp, the inequality (uB)p > (uB)a holds and
conversion dominates over precession. The suppression
of Vsr makes the precession effect more profound. If the
potential changes as Vgr o< 773, one gets

(4B)a = 5, (nB)p o 5. (23)

Clearly, (uB)p < (uB)a in the hydrogen envelope, and
(uB)p > (uB)a in the center of the star. The adia-
batic conversion dominates in the inner parts, whereas
the precession may dominate in the external layers of
the star (Fig. 3). In the isotopically neutral region one
has (uB)p ~ (1B) 4; i.e., both processes may be essential
(see Sec. IV). In fact, the condition (21) is not sufficient
for a strong spin-precession effect. The spatial size of the
region where (21) is satisfied, Ar, should be large enough,
so that the inequality (1) or Ar 2 1/uB is satisfied. For
r > 0.3Rg the latter bound is even stronger than (21).
Instead of uB, in further discussion we will give estima-
tions of the magnetic fields at u = 107 2p5. Rescaling
to other values of u is obvious.

The adiabaticity and the precession bounds deter-
mined by the density distribution should be compared
with the magnetic field profile of the star. In Fig. 3, we
depict the profile (2) with k = 2 and By = 1.5 x 10'* G.
The strength of this field is practically everywhere below
both the adiabatic B4 and the precession Bp bounds
(# = 107'2up) which means that spin-flip effects are
rather weak. The effects of the global field (2) may be
strong, when By > 10'* G. However, for k = 3 even ex-
tremely large central field, By ~ 1017 G, corresponds to
very weak magnetic field in the isotopically neutral re-
gion. Local mechanisms of the magnetic field generation
due to possible convection and differential rotation may
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result in the local field being much larger than the global
field, as in the case of the Sun.

D. Effects of jumps of the potential

The electron number density n(2Y. — 1) and, conse-
quently, the effective potential Vsg change quickly in the
ignition layers, so that for reasonable values of uB the
adiabaticity is broken. This feature is reflected by peaks
in the adiabaticity bound (Fig. 3). To a good approxima-
tion one can consider these changes as sudden the jumps
of the potential, AV; = Viyax — Viin, at fixed points r;.
The effect of the jump reduces to a jumplike change of
the helicity mixing angle 6p.

The jumps distort the energy dependence of the prob-
abilities. The position of the energy interval affected
by the jump is related via the resonance condition to
the values of Vi, and Vigax. The character of the dis-
tortion depends on the magnitude of the jump, AVsp,
as compared with the energy width of the resonance
layer, AVg (AVg = 2uB). (See a similar considera-
tion for the flavor case in [26].) If AV; < AVpg, the
jump leads to the peak of the survival probability with
a width AFE determined by the width of the resonance
layer: AE/E ~ 2uB/Vsr(rj) [26]. The height of the
peak is given by the ratio

ap~ (LYY _ (A%
AVg 2uB
For 2uB > AVj the jump effect is smoothed: Since the
size of the resonance region is large, the width of peak is
also large, but its height turns out to be suppressed.

If AV; > 2AVR = uB, the height of the peak is of the
order of 1, and the width is fixed by the size of the jump:

gl

FIG. 3. The dependence of the adiabaticity B4 (solid line)
and the precession Bp (dotted line) bounds for p, = 10~ 2up
on the distance from the center of the star. Also shown is the
magnetic field profile (2) with By = 1.5 x 10*®* G and k = 2
(dashed line).
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AB AV,
E Vsr

For AVsg > AVg, the jump suppresses the transition in
the interval with minimal and maximal energies deter-
mined by Vi,ax and Vi,

The most profound effect appears when without a
jump adiabaticity is satisfied and the transition is prac-
tically complete. If the width of the resonance is small
(2uB < Vsp) and if AV; ~ AVpg, the jump induces a thin
peak of the survival probability. Such conditions can be
fulfilled in the inner part of the isotopically neutral re-
gion.

Note that in the considered model of the star there
are two big jumps of the potential (AV;/Vsp ~ 10) at
r =7x107%2Rg and r = 0.3Rg (Fig. 1). Also small
jumps (AV;/Vsp < 1) exist.

The elements of the dynamics presented here allow one
to understand all features of the evolution of the neutrino
state.

IV. NEUTRINO PROPAGATION IN THE
ISOTOPICALLY NEUTRAL REGION

Let us consider for definiteness the spin-flavor transi-
tions De-v,, and ve-v,. If Am? < 0.1 eVZ2 level crossing
takes place in the isotopically neutral region. For real-
istic magnetic fields [profile (2) with By < 107 G] the
effect of 7.-v,, mixing can be neglected in the inner part of
the star. Therefore, the spin-flavor evolution of the neu-
trino state starts from the inner part of the isotopically
neutral region r; ~ 1073Rg. At r; the states coincide
practically with pure helicity and/or flavor states. Fla-
vor conversion, if efficient, can be taken into account as
a further independent transition (Sec. V). Also the tran-
sitions which involve v, can be considered separately.

A. Spin-flip effects in a global magnetic field

We use the profile (2) with £ = 2 and take different
values of By. For By S 2 x 1013 G the magnetic field
strength is below the precession bound (g = 10"2up) in
the isotopically neutral region. Consequently, the depth
of the precession is suppressed, and the transition has a
local resonance character (Fig. 4). The transition occurs
only in the resonance region whose width is determined
by AVg/Vsr = 2uB/Vsp. The efficiency of the transition
depends on kr. The strongest effect takes place for the
energies (over Am?) E/Am?2, which correspond to the
weakest violation of the resonance adiabaticity [B(r) is
closer to the adiabaticity bound (Figs. 3, 4)]. With the
increase of By the E/Am? range of strong conversion
expands (Fig. 5).

If By = 5 x 1012 G, the field profile is above both the
precession and the adiabatic bounds, and the conversion
becomes essentially nonlocal (Fig. 4). For E/Am? >
10® MeV/eV? initial mixing is still very small: 85 =~
w/2, sin20g ~ 0. Therefore, the neutrino state co-
incides with one of the eigenstates in the medium.

VAR
\

E T
3 \J,\j'\j'\)

FIG. 4. Spatial picture of the (7 — v,) spin-flavor tran-
sition. The dependence of the .-survival probability on the
distance from the center of the star for different strengths
of the magnetic field. The field profile (2) was used with
k =2 and By (in G): 5 x 10*? (dash-dotted line), 1.5 x 103
(dashed line), 5 x 10*® (dotted line), 1.5 x 10** (solid line).
(a) E/Am? = 10® MeV/eV?, (b) E/Am? = 10° MeV/eV?2.

Since the adiabaticity is satisfied, the survival proba-
bility is uniquely determined by the helicity mixing an-
gle: P(ve — v.) ~ cos?fp. The precession effects are
very small (Fig. 4). Before the resonance the angle is
determined from tan20p ~ pB(r)/Vsp(r). The mixing
increases when the neutrino enters the isotopically neu-
tral region, and if uB > Vs, the probability approaches
P ~ 1/2 (Fig. 4). After the resonance layer the an-
gle diminishes quickly, tan 20 ~ 2uB/(Am?/2E), since
the magnetic field decreases with distance, whereas the
splitting approaches the asymptotic value Am?2/E. Cor-
respondingly, the probability goes to zero and one has an
almost complete spin flip with P(v, — v.) = 0 (Fig. 4).

For large E/ Am? the resonance is in the external layers
of the star, where the adiabaticity is broken. The final
survival probability increases with E/Am?2, approaching
the value of probability before the resonance. As a result
one gets P > 1/2. At very large E/Am? mass splitting
becomes unessential and the dependence of probability
on E/Am? disappears.

The bump in the survival probability P(E) in the en-
ergy interval E/Am? = 107-10% MeV /eV? (Fig. 5) is due
to a density jump at r = (0.1-0.5)Rg [Fig. 4(a)]. For
very large uB the effect of jump is suppressed according
to the discussion in Sec. IIID.

B. Spin flip in a local magnetic field

Let us suppose that a strong magnetic field exists in
some spatial region Ar between r; and r3, so that the
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FIG. 5. The D-survival probability for the (7. — v,)
spin-flip transition in the global magnetic field as a function
of E/Am? for different strengths of the magnetic field. The
magnetic field profile (2) was used with k = 2 and By (in G):
1.5 x 10'? (bold solid line), 5 x 10*? (dashed line), 1.5 x 10*3
(dash-dotted line), 5 x 10'® (dotted line), 1.5 x 10** (solid
line).

transitions take place in Ar only. For simplicity we con-
sider a constant magnetic field B.. If uB is below the
precession bound, the conversion occurs in the resonance
layer, and the transition probability is determined by xg.
The effect is appreciable in the energy interval deter-
mined via the resonance condition by the maximal and
minimal values of the potential in the layer with a mag-
netic field (Fig. 6). When the adiabaticity is broken, the
maximal effect corresponds to the resonance in the cen-
tral part of the region with the magnetic field. In this
case there is no averaging over the precession phase and
the smooth dependence of the probability on energy can
be modulated. The energy dependence can be distorted
also by jumps of the potential.

If the field is strong enough and the adiabaticity con-

021

1000

E { MeV)

Am” , \EVZ

FIG. 6. The D.-survival probability for the (7. — wv,)
spin-flavor transition, in the local magnetic field as functions
of E/Am? for different values of the magnetic field. A con-
stant magnetic field B. in the internal (1-3)x1072Rg was
used. B. (in G): 3 x 107 (solid line), 6 x 107 (dashed line),
2 x 10® (bold solid line), 3 x 10® (dash-dotted line).
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dition is satisfied, the average probability follows the
change of helicity mixing angle 0g(r) [Eq. (17)]. The sur-
vival probability as a function of E/Am? is determined
by the adiabatic formula

1 )
P, ., = 3 (1 + cos 205 cos 20;3)

1 .
+ 3 sin 26% sin 29}; cos P, (24)

where @ is the precession phase:

o= /” dr+/(2uB)? + (Vsp — Am2/2E)2. (25)

Here 6% and 9{3 are the values of the mixing angle (17)
at 7y and r5. For uB > Vgp, the influence of mat-
ter is small and the survival probability is large for
E/Am? > 1/(uB). If E/Am? > 1/(uB) the precession
has a maximal depth (Fig. 6).

C. Energy dependence of the probability

The survival probability as a function of the neutrino
energy has some common features for different mag-
netic field profiles. There are two characteristic en-
ergies: (E/Am?)nin and (E/Am?)pnax. The former,
(E/Am?2) qin, is determined by adiabaticity violation in
the inner part of the isotopically neutral region or in the
inner part of the region with a magnetic field (in the case
of the local field). The latter, (E/Am?) gy, is fixed in
such a way that for E > E,,y the effect of mass splitting
can be neglected. For the local field (E/Am?)ax is de-
termined by the potential at the outer edge of the region
with a magnetic field. In the case of a global field one has
(E/Am?)max = 1071° MeV/eV? which follows from the
adiabaticity violation due to a fast decrease of uB or Vg
at the border of the isotopically neutral region (Fig. 3).

The energies (E/Am?) 0, and (E/Am?) pin divide the
whole energy interval into three parts.

(1) Region of matter and/or vacuum suppression of
the spin flip: E/Am? < (E/Am?)gn. For neutrinos
with such energies before the resonance layer the pre-
cession amplitude is strongly suppressed by the matter
effect. There is no appreciable conversion in the reso-
nance region, since the adiabaticity is strongly broken;
after the resonance the amplitude is suppressed by vac-
uum splitting: Ap ~ (uB)/(Am?/E). As a result, the
probability of a spin flip is small.

(2) Resonance region: (E/Am?)max < E/Am? <
(E/Am?)min. The resonance is in the isotopically neutral
region. If the adiabaticity is unbroken or weakly broken,
the survival probability is small. The smooth energy de-
pendence of P due to conversion can be modulated by
the effect of density jumps, as well as by the precession
effect, if, e.g., the initial mixing angle is not small.

(3) Precession (asymptotic) region: E/Am? >
(E/Am?)max- Here the mass splitting (Am?2/E) can be
neglected, and therefore the spin-flip probability does not
depend on energy. The spin flip is due to precession and
possible adiabatic (nonresonance) conversion.
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If the layers with magnetic field are in the inner part
of the isotopically neutral region, the resonance effects
can be more profound. Here the adiabaticity condition is
fulfilled, even when the width of the resonance is small,
2uB/Vsr < 1. For the external layers with a small den-
sity adiabaticity holds for 2uB/Vsg > 1 only, i.e., when
the width of resonance is large.

V. SPIN-FLIP AND OTHER TRANSITIONS
A. Spin-flip and flavor conversion

Let us consider the effects of the flavor conversion v.-
v, in addition to the spin flip. In the isotopically neutral
region the positions of the spin-flavor resonance r, and
the flavor resonance ry are strongly separated in space:
ry, K r¢. If the flavor mixing as well as the magnetic field
strength are sufficiently small, both flavor and spin-flavor
transitions are local. The crossings of flavor and spin-
flavor resonance layers are independent, and the total
transition probability is the product of the flavor and
the spin-flavor probabilities.

Three neutrino states (ve,?.,v,) are involved in the
transitions. Correspondingly, one can introduce a 3x3
matrix of probabilities S which relates the original
F° = (F°Qv.),F°(D.),F°(v,)) and the final F =
(F(ve), F(Pe), F(v,)) fluxes:

F = SF°. (26)

Let r’ be some point between the two resonances: r, <
r’ € r5. Then in the region r < v’ the matrix S depends
only on the spin-flavor transition probability P,(Ze-v,):
S = S5(P;). [Evidently, (1 — P;) coincides with the sur-
vival probability calculated in Sec. IV.] In the region
r > r’ the matrix S depends on the flavor transition
probability Ps(ve-v,): S = S¢(Ps). The total matrix is
the product S = S,(Ps) x Sy(Ps):

(1—-Ps) PP, Ps(1— Ps)
S = 0 (1-Py) P,
P;  (1-Ps)P, (1-Pf)(1~-Py)

. (27)

Let us consider the dependence of S on energy. If the
flavor mixing is small (say, sin® 20 < 0.01) and the mag-
netic field is situated in the external part of the star,
the energy regions of the strong flavor transition and the
strong spin-flip effect do not overlap. The neutrinos of
high energies flip the helicity, whereas low-energy neu-
trinos undergo the flavor transition. The overlap of the
resonance regions for the spin flip and flavor conversion
takes place for sufficiently large mixing angles and/or if
there is a strong enough magnetic field in the inner part
of the star: r < 0.3Rg (Fig. 7). In the overlapping en-
ergy region the probabilities P, and Py differ from zero
and the electron neutrinos undergo a double transition:
De = vy — Ve (Fig. 7).

11010

1

ev?

FIG. 7. The probabilities of different transitions for the
neutrino system with a magnetic moment and a vacuum mix-
ing as functions of E/Amz. The initial state is (a) 7. and
(b) v,. The lines show the probabilities to find in the final
state v, (solid line), 7. (dotted line), and v, (dashed line). A
vacuum mixing angle sin® 20 = 10~2 and a constant magnetic
field B. = 10* G in the interval R = (0.1-1.3)Re were used.

B. Effects of the r neutrino

Inclusion of v, adds two new level crossings: the flavor
(ve-v-) and spin-flavor (#.- v, ) ones (Fig. 2). Other cross-
ings involving v,, and v, do not give observable effects.
Because of the assumed mass hierarchy, the transitions
with v, (the inner region of the star) can be considered
independently from the transitions involving v, (outer
part). Consequently, the total transition matrix is the
product of the transition matrices in the inner and the
outer regions.

Three states v, Ue, v, are transformed in the inner part
(Fig. 2). For a monotonously decreasing density, the or-
der of resonances is the same as before: first the spin-
flavor resonance and then the flavor one. If the v, reso-
nances are enough separated, the transition matrix can
be found from that in (27) by the substitution Py — P;
and P, — P,, where P; and P; are the 2v probabilities of
flavor and spin-flavor transitions in the inner region. [In
fact one should consider 4 x 4 transition matrices in the
(Ve, Dey Yy, V) basis in the inner and the outer parts and
find their product.] The effects due to the v, resonances
can be taken into account as the initial conditions F* for
the fluxes at the border with the outer region. Using the
matrix (27) with substitution mentioned above we get

F(ve)' = (1 — P;)F°(ve) + PpPF(ve)

+ Pi(1 = P)F(vr),
F(7e)' = (1~ P,)F°(%.) + PyF°(vy), (28)
F(Vu)i = FO(V/.L)-
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Further on we will concentrate on the cosmologically
interesting values ms ~ 2-7 eV. This corresponds to
Am? = 4-50 eV2, so that for E ~ 20 MeV the reso-
nances are in the inner part of the isotopically neutral
region: 7 ~ (1-2) x 1073Rg. Here the total density is
(0.3-3)x 108 g/cm? and (1-2Y.) ~ (2-4) x 1072. Accord-
ing to Fig. 3, the precession bound equals (1013-3 x 1015)
G, and the adiabaticity bound is (0.5-2)x10'! G. Thus
an appreciable spin-flip transition implies a very large
magnetic field: B > 10'° G. In contrast, the flavor tran-
sitions can be efficient even for very small mixing angles:
sin?26 > 10~¢. For Am? under consideration spin-flip
effects may be more probable below the isotopically neu-
tral region.

C. Transitions in the central region of the star

The collapse and shock wave propagation lead to a
strong time dependence of the density profile in the cen-
tral region of the star. Moreover, the profile may be non-
monotonous. With approaching the center of the star the
total matter density may first diminish from 10% g/cm?®
to 10%-107 g/cm?® at r ~ 100 km, and then rapidly in-
crease at the surface of the protoneutron star, r <20-30
km. Moreover, in the central part neutrino-neutrino scat-
tering should be taken into account [27]. Because of the
nonmonotonous behavior of Vgp, for Am? = 4-50 eV?
additional level crossings appear in the region r ~ 30—
100 km: second flavor crossings v.-v, and second spin-
flavor crossings Ue-v,. The order of resonances from the
center is the following: spin flavor (s), flavor (f), fla-
vor (f), spin flavor (s): s, f, f,s. Note that now there
is some part of the profile where the potential increases
with distance, and consequently, the order of resonances
isreversed: The neutrino crosses first the flavor resonance
and then the spin-flavor one. This may have important
consequences for observations (see Sec. VID).

At distances 30-100 km the adiabaticity bound for the
spin flip equals B4 =(1-2)x10'! G. This is only slightly
higher than that in the inner edge of the isotopically
neutral region. However, the existence of such a field
is more probable in the inner part; for the profile (2)
with k = 2 and By = 103 G the field is only 2-3 times
smaller than the adiabaticity bound. Thus the magnetic
moment u ~ 107245 may give a strong spin-flip effect
here.

If in the inner parts all four transitions are efficient,
there is no observable effect: The final state will coincide
with the initial one.

VI. IMPLICATIONS

In principle, future experiments will give information
on the energy spectra of different neutrino species [28].
Confronting these spectra with each other, one can get es-
sentially model-independent information about possible
neutrino transitions. It is convenient to introduce three
types of original spectra: soft F,(FE), middle F,,(E), and
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hard F}(FE), which coincide with original v., 7., and v,
spectra, respectively. The muon and 7 neutrinos and
antineutrinos are indistinguishable in the standard elec-
troweak model at low energies, and will be detected by
neutral currents. Therefore we will consider the total flux
of the “nonelectron neutrinos,” F(vpe). If there are no
neutrino transitions, then, at the exit,

F(v.) =Fs, F(Ue)=Fpm, F(vne)=4F}. (29)
Let us find the signatures of the spin-flip transitions, as
well as the sensitivity of the v-burst studies to the neu-
trino magnetic moments. We estimate the values of B
(at p = 1072ug) needed for different effects to be ob-
servable.

A. Sensitivity to magnetic moments
and magnetic fields

The suppression of the effective potential by 3—4 orders
of magnitude diminishes the strength of the magnetic
field (magnetic moment) needed for a strong spin-flip ef-
fect. The adiabatic and the precession bounds decrease
by 1.5-2 and 3-4 orders of magnitude, respectively. We
take as the criterion of the sensitivity of the v-burst stud-
ies to the spin-flip effects the magnitude of the magnetic
field strength B, (u = 107'2up) at which the proba-
bility of transition is ~ 1/2 at least for some neutrino
energy interval. According to Fig. 3, in the most part
of the isotopically neutral region (r < 0.3Rg) the adi-
abaticity bound is below the precession bound. Only
in the external part of the star could the precession be
more preferable. Consequently, for r < 0.3Rg the sen-
sitivity limit corresponds to the inequality 2uB < Vsp.
The latter means that mixing is small everywhere apart
from the resonance layer and the transition is due to the
level crossing with a not so strong adiabaticity violation.
The nonaveraged over the precession phase probability
P ~ 1/2 can correspond to the value of the Landau-Zener
probability Pz ~ 0.75. Therefore we will define the sen-
sitivity limit B,(7) in a given point as the strength of the
magnetic field, for which Ppz(r) ~ 0.75. According to
the estimations in Sec. IIIB, the sensitivity bound can
be about 3 times smaller than the adiabaticity bound:
B, = B,4/3 (Fig. 3).

For the effect to be appreciable, the size of the region
with a magnetic field, Arp, should be comparable to the
size of the resonance region. If Vsp o r~3, we get Arg =
(dVsg/dr) 12AVg =~ 4uBr/3Vsp, and in particular, for
2uB/Vsr < 0.3: Arg < 0.2r. In fact, B, should be
considered as the average field in the region Arp.

The transition takes place in the resonance region
whose position depends via the resonance condition on
E/Am?. Therefore for fixed E/Am? one can define
the sensitivity limit B, in a certain region of the star,
r = r[Vop(E/Am?)]. For Am? = (0.3-1) x 107° eV?
(E ~ 20 MeV), which corresponds to the Mikheyev-
Smirnov-Wolfenstein (MSW) solution to the solar neu-
trino problem [29,30], the spin-flip resonance lies at r ~
(1-3) x 1072 R, and according to Fig. 3, the sensitivity
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limit equals B, = (2-5) x 10® G. For the oscillation solu-
tion of the atmospheric neutrino problem (Am? ~ 10~2
eV?) [31] the resonance is at r ~ (2-3) x 1073Rg and
B, ~10° G.

In the external part of the isotopically neutral re-
gion, r = (0.3-0.7)Rg, the precession bound is essen-
tially below the adiabaticity bound. However, here for
2uB ~ Vgp the precession length is already comparable
with the distance to the center of the star and the condi-
tion (3) becomes more important. At r =~ 0.3Rg one gets
B, ~ (2-3) x 10* G. This region corresponds to values
Am? = 107°-10"8 eV? which are interesting from the
point of view of the resonant spin flip in the convection
zone of the Sun.

In the range 7 = (0.7-1)Rg the matter effect can be
neglected and the sensitivity is determined by vacuum
precession: B, > 2/Rg ~ (2-3) x 10* G. This number
can be compared with value of B needed to solve the
solar neutrino problem. For strong v.;, — Dy conversion
in the convection zone of the Sun [r ~ (0.7-1)Rg] one
needs a magnetic field as large as B &~ 3 x 10° G [32]. In
supernovas, at the same distance from the center, a field
of about 10* G is enough. Conversely, if the magnetic
field is ~ 3 x 10° G, the v burst will be sensitive to
g~ 3x 10 pup.

Note that in the isotopically neutral region one needs
for appreciable ver-7, g conversion 1.5-2 orders of magni-
tude smaller field than for conversion into a sterile state:
VeL — VsR-

Comparing the above results with those of Sec. V C we
find that the sensitivity to g can be even higher in the
isotopically neutral region than possible sensitivity to u
in the central region of the star. (Of course, the latter
corresponds to large values of Am?2.)

B. Bounds on uB from SN 1987A

The spin flip v, — . leads to an appearance of the
high-energy tail in the 7, spectrum at the Earth:

F(De)z(l"Ps)Fm“—Pth’ (30)

where P, is the transition probability. At small mixing
angles flavor conversion does not change this result (see
Fig. 3). Note that, in (30), P, can be close to 1, in con-
trast with the averaged vacuum oscillation effect which
gives P < 1/2.

The absence of the distortion of the D.-energy spec-
trum, and in particular, the absence of the high-energy
tail, gives the bound on uB as a function of Am?2. For
a class of supernova models the data from SN 1987A
allow one to get the restriction P, < 0.35 under the as-
sumption that Ps does not depend on energy [33]. In
fact, at the border of sensitivity the suppression pit is
rather thin (Figs. 5, 6) and the energy dependence can-
not be completely neglected. In this case the strongest
observable effect takes place, when a position of the pit
coincides with the high-energy part of the v, spectrum.
The sensitivity limit obtained in Sec. VI A gives an esti-
mation of the upper bound on pB(r). The value of the
potential Vsp(r) in the corresponding point r determines

via the resonance condition the value of Am2. For ex-
ample, at Am? ~ 1078 eV? (resonance at r = 0.3Rg)
one gets the upper bound as B(0.3Rg) < 2 x 10* G.
Similarly, if Am2? = 107¢ eVZ, B(0.1Rg) < 3 x 10°
G, and if Am? ~ 3 x 107° eVZ, B(0.01Ry) < 107 G,
etc. In the case of the global magnetic field (2) with
k = 2 these bounds correspond to the bound on the field
at the surface of the protoneutron star, By < 102 G

(r=10""pp).

C. Transitions of the degenerate
or massless neutrinos

The mass differences Am2? < 1071° eV? can be ne-
glected for the neutrino energies £ ~ 5-50 MeV. This
corresponds to the asymptotic region in the P depen-
dence on E/Am? (Figs. 4, 5). As we have noticed in
Sec. II, for Am? ~ 0 there are two level crossings ve-
7, and D.-v, at the same point r ~ Rg. The crossings
are induced by a change of the nuclear composition on
the border between the H envelope and the “He layer.
However, in this region the effective density changes very
quickly, and the adiabaticity condition implies a very
strong magnetic field B[(0.7-1)Rs] > 3 x 10° G which
exceeds the precession bound. The effect is mainly due
to the precession, and the field should be as strong as
B ~ (2-5) x 10* G. The probabilities of the transi-
tions ve «» 7, and D, ¢ v, are equal and do not de-
pend on energy. The final spectra of v, and 7. equal
F(ve) = (1 — P,)F, + P, Fp, F(v.) = (1 — P,)F,, + P, F},.
In the case of a complete transformation P, =~ 1, the
De- and ve-energy spectra coincide with the initial v, (9,)
spectrum:

F(v.) = F(p.) = Fy, . (31)

For Am? > 107°-1078 eV? (which is interesting for
the spin flip of solar neutrinos [34]) the effect of the mass
splitting becomes important. The probabilities of 7, —
v, and v, — U, transitions are different, and depend on
energy.

D. Distortion of neutrino energy spectra

Using the matrix of the transition probabilities for the
isotopically neutral region (27) and the initial conditions
(28) we get for the final neutrino spectra

F(we)=(1-P,)(1—- P))F. +[(1 — P,)P. + P,)Fy,
F(ve) =(1-Ps)(1—- P})Fs

+[P¢P,(1 — Py) + PyPy(1 — P,)|Fpn

(1 - Py)Py(1 ~ Pl)

+Pf(P,P, +1— P,)|Fy,
F(I/ne) =asFy + amFm + apFh, (32)

where
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ag ZP}—{—PJ&(]_—P}) s
am = PfP;P,+ (1 — P;)P, + (1 — Ps)P,(1 - P;), (33)

ap =4 —a; — Q.

The important conclusions can be drawn from (32), (33)
immediately. The 7, spectrum is a mixture of the mid-
dle (the original 7, spectrum) and hard components. It
does not acquire a soft component, except for the case
of the nonmonotonous change of the density in the cen-
tral part of the star (see later). The spectrum depends
on the spin-flip probabilities P, and P, and does not de-
pend on the probabilities of the flavor transitions. The
changes are stipulated by the spin-flip effects only. Thus
the distortion of the 7, spectrum and, in particular, the
appearance of the hard component can be considered as
a signature of the spin-flavor conversion.

According to Fig. 8, the spin flip may result in a vari-
ety of distortions of the U, spectrum. In particular, when
the transition probability P, is constant, the permuta-
tion of the 7. and v, spectra can be symmetric, so that
F(e) ~ (1 — P,)F,, + P,Fy. Such an effect is realized
if the spectra are in the asymptotic region of the sup-
pression pit or in the region of strong (complete) trans-
formation. The transition can be asymmetric, so that in
the U, spectrum the suppression of the F,, component
is weaker than the appearance of the Fj component and
vice versa. This is realized when the spectra are at the
edges of the suppression pit or in the modulated reso-
nance region. Note that the typical energy scale of the
modulations of the probability can be characterized by
a factor of 2-3. Therefore the spin-flavor transition re-
sults in a smooth distortion of each component. The fine
structure of the energy spectrum (AE ~ 1-2 MeV) can
be due to the jumps of the density and/or the field twist
in the inner parts of the star (see Sec. VII).

Two remarks are in order. The change of the 7,
spectrum is expected also if flavor mixing is large. In
this case, however, one gets an energy-independent in-
terchange of the spectra with the transition probability
P < 0.5. If the neutrino mass hierarchy is inverse, the

1 T T T T
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FIG. 8. The distortion of the 7. spectrum. The dependence
of the product (flux)x (energy squared) on energy for different
sets of neutrino parameters and different configurations of the
magnetic fields. The original 7. spectrum is shown by the
bold solid line. The case of the complete D.-v, transformation
(F = F) is shown by the solid line.

properties of the transitions in the neutrino and antineu-
trino channels should be interchanged. In particular, the
U, spectrum will acquire the soft component.

According to (33), the final v, spectrum is, in gen-
eral, an energy-dependent combination of all three orig-
inal spectra. However, the F}, component appears only
if there are both spin-flavor and flavor transitions. Also
the spin-flavor transition results in the appearance of the
F,, component in final v, spectrum.

The modifications of the spectra are especially simple,
when the resonant transitions are either completely effi-
cient or completely inefficient: P; = 0 or 1 [17]. In this
case a complete permutation of the original spectra oc-
curs. Moreover, as follows from (33), (34), there are only
four possible types of final spectra (Table I).

According to Table I, the flavor transitions (No. 2)
result in a hard v, spectrum, whereas the 7. spectrum
is unchanged. Correspondingly, the v, flux acquires a
soft component. The neutronization peak consists of v,
neutrinos. The spin-flavor conversion only (No. 3) leads
to a hard 7, spectrum and to an unchanged v, spectrum.
The flavor conversion in the inner part of the star could
be efficient during the early stage of the burst, so that
spectra No. 3 for the cooling stage can be accompanied
by the v,. neutronization peak. The spin-flavor and the
subsequent flavor transitions of 7, in the inner or outer
parts of the star result in the v, spectrum coinciding
with the initial 7. spectrum, F,, (No. 4). In this case
U, has a hard spectrum Fj. The same final spectra (No.
4) appear also if in addition some other transitions take
place which do not influence the neutrino flux originally
produced as .. The flavor transition of v, and the spin-
flavor transition of 7, result in the same hard spectra for
ve and 7, (No. 5). In principle, future experiments will
be able to distinguish these possibilities.

If the transitions are incomplete, the final spectra are
certain energy-dependent combinations of the above five
spectra.

The spectra can show a strong time dependence. The
original spectra themselves depend on time: The temper-
atures decrease, and moreover, they decrease differently
for different neutrino species. Also the transition prob-
abilities change with time due to the variations of the
effective potential profile in the inner part.

Interesting effects can be related to the existence of a

TABLE I. The final neutrino spectra in the case when tran-
sitions are either complete or completely inefficient: P; =~ 0 or
1. In the fifth column we give a list of the transitions which
result in a given final spectrum. Here f and f’ denote the
flavor transitions ve-v, and ve-v-, and s and s’ denote the
spin-flip transitions Z.-v, and e-v,, respectively; sf denotes
the combination of the two complete transitions: first De-v,
and then v.-v,, etc.

No. F(ve) F(e) F(Vne) Transitions

1 Fs Fn. 4F No transitions

2 Fp, F,, 3Fn + F, i ff

3 Fy Fy 3Fy + Fr, s; s’ s's

4 Fn Fa 3F, + F; sf; s'f's f'sf; s'f's

5 Fn Fn 2Fa+F.+Fp s'fif's;s'fs;f's'f; f's'fs
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region in which the density increases with distance. As
we have noticed, here the order of resonances is changed:
Neutrinos first cross the flavor resonance and then the
spin-flavor resonance. In this case v, can be transformed
into 7.; the final 7, spectrum will contain the soft compo-
nent, and moreover the neutronization peak will consist
of 7,. Such a modification of the spectra can be realized if
two inner resonances s and f are inefficient. They are at
the surface of the protoneutron star, where the density
is changed very quickly, and therefore the adiabaticity
could be strongly broken.

VII. EFFECTS OF THE MAGNETIC FIELD
TWIST

A. Field twist: Scale of the twist

If the direction of the magnetic strength lines changes
with distance, the propagating neutrinos feel the rotation
(twist) of the magnetic field. The field twist leads to
a splitting of the levels with different helicities by the
value ¢ [see (15)] [25]. The effect can be considered as a
modification of the effective potential

Vsr = Vg = Vsp + ¢. (34)

Thus the field twist changes the level crossing picture (the
positions of resonances). However, since the flavor and
spin-flavor resonances are strongly separated due to the
isotopical neutrality of the medium, the shift (34) hardly
induces the spatial permutation of resonances [25].

The field twist can be characterized by the scale of the
twist rg,

Il

-3

Te 5 (35)

so that on the way, ry, the total rotation angle (in the
case of uniform rotation), equals A¢ = .

It is natural to suggest that the total rotation angle is
restricted by

Ag < . (36)

For example, the twist appears when the neutrinos cross
the toroidal magnetic field with strength lines winding
around the torus. In this case the maximal rotation angle
is m; i.e., the bound (36) is satisfied. Let Arp be the size
of the region with the magnetic field; then A¢ ~ dArg,
and the condition (36) implies

re 2 Arpg. (37)

That is, the scale of the rotation is comparable or larger
than the region with the magnetic field. For the global
field one has Arg ~ 7, and therefore

ry > (0.1-1)r. (38)

As we will see the bound on the total rotation angle (36)
restricts strongly the effects of the field twist.

B. Effect of density suppression

Let us consider a possible increase of the sensitivity to
(uB) due to the field twist. According to (34) at ¢ = ¢,
where

be = —Vsr(r), (39)

the matuer effect is completely compensated at the point
r. Let us define the critical rotation scale rg at which
the condition (39) is satisfied:

T
Vs’
(Note that g coincides up to a factor of 2 with the re-
fraction length.) At ry ~ rg the effect of the field twist
can be essential, and for ry < 7§, it even dominates
over the density effect. Comparing rg with the distance
from the center, r, we find (Fig. 9) that r§/r > 1 for
r>5x1072Rg and rg L rforr <5 x 1073 Rg. In the
inner parts of the star the critical scale is much smaller
than the distance from the center; e.g., at r = 1073Rg
one gets 7y ~ 20 cm. The condition (38) is fulfilled for
r~5x 1073Rg. Let us stress that isotopical neutrality
essentially enlarges the region where (38) is satisfied and
therefore the field twist can be important.

Suppose the equality (39) is satisfied in some layer of
size Ar (evidently, the field twist should be nonuniform).
In Ar the spin-flip effect has a character of precession
with maximal depth, and the sensitivity to uB is maxi-
mal. Let us estimate uB, taking into account the restric-
tion (36). The total rotation angle A¢ equals

ap= [ d(ryar = — / Vg (r)dr, (41)
Ar Ar
and, if Ar < r,

(40)

c
7'¢————

Ao ~ —Vgp Ar. (42

The spin-flip probability is of the order 1, when Ar ~
m(2uB)~!. Substituting this Ar into (42), we get the
relation

0.001

11074

101073

FIG. 9. The critical scale of the field twist over the distance
from the center of the star as a function of r.
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mVsF

B =
HE™ 98é

(43)

Finally, (43) and the bound on the total angle of the twist
[Eq. (36)] give uB > Vgr/2 which precisely coincides
with the precession bound (6). Thus, the field twist can
relax the precession bound by a factor of 1/2 at the most,
and to further increase the sensitivity one should admit
the field rotation on the total angle which exceeds .

In the external layers (r > 0.1Rg), Ar is larger than r,
and the compensation (39) implies fine-tuned profiles of
é(r) and V(r) in a wide spatial region which seems rather
unnatural. On the other hand, if the compensation takes
place in the inner part (r < 0.1Rg), then Ar < r. How-
ever, here the precession bound is more stringent than
the adiabaticity bound, and the compensation does not
allow one to gain in the diminishing of the field strength.
In the inner part the effect of the field twist can be due
to the influence on the adiabaticity.

C. Influence of the field twist on the adiabaticity

Nonuniform field rotation (¢ # 0) modifies the adia-
baticity condition. The adiabaticity parameter equals

_ 2(2uB)?
¢ [Vsr + @] (44)
At
¢~ —Vsr , (45)

Kg — 00; i.e., there is a strong improvement of the adi-
abaticity. The field twist results in a flattening of the
potential, so that dVy/dr ~ 0 or V ~ const, in some re-
gion Ar. Let us estimate the minimal value of the total
rotation angle in this region. For this we suggest that
¢ = 0 at one of the edges of Ar. Then, from (45), it fol-
lows that A¢ ~ Vsp(Ar)2/2. Inserting Ar ~ n(2uB)~!
(the condition for the strong precession effect) in the last
expression, we get

7!‘2Vsp e

A= 2(2uB)? ~ kR’ (46)
i.e., the total rotation angle is the inverse value of the
adiabaticity parameter without a field twist. Therefore, if
adiabaticity is strongly broken, kg < 1, one needs A¢ >
7 to get an appreciable spin-flip effect. For restricted
values of the total rotation angle (36) only weakly broken
adiabaticity can be restored. The relation (46) means
that if the transition without a field twist is weak (x <
1), then the field twist will induce a weak effect for A¢ <
7. On the other hand, if the transition without a twist
is strong (kg ~ 1), then the field twist can make it even
stronger but the absolute change of probability turns out
to be always small (Fig. 10).

The effect of the adiabaticity restoration due to the
field twist can be considered as the effect of precession in
the region Ar with a flat potential (V4 = const). For con-
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FIG. 10. The effects of the nonuniform field twist. The
De-survival probability of the spin-flip transition 7. — v,
as a function of E/Am? for different configurations (scales)
of the field twist. The field profile (2) with & = 2 and
Bo = 5 x 10*? G was used. The solid line shows the proba-
bility without a field twist. The field twist is located in the
region r¢o — (ro + 6r), and the profile of the twist is described
by é(r) = (2n/6r)[1 — (r — r¢)/ér]; the total rotation an-
gle equals 7. The curves correspond to 7o = 5 x 1073 Rg and
dr/Re = 10™* (dotted line), 5x 10™* (dashed line), 2.5x 1073
(dash-dotted line).

stant B (which we suggest for simplicity) the transition
probability equals

(2uB)*
(2uB)? + (Vg — 53)?

X sin? \/(2uB)2 + (Vd, - Amz)zﬂ . )

2F 2

One can find from (47) that the field twist leads to a
distortion of the energy dependence of the probability
peak in some energy interval AFE located at E/Am? ~
(2Vg)~'. Let us estimate the size of AE. Accord-
ing to (47), AE is determined by the resonance width
AE/E ~ 4uB/Vsp. In turn, 2uB can be estimated from

(46) and the condition Ap < m: 2uB > 1/ (7Vsr)/2, so

that, finally, we get

ﬁ > \/27TVSF _ 27 (48)
E ~ Vsr V HspVsr

If Vsp o< 72 and Hsp o 7, the relation (48) gives ATE o

r. The closer the region with a field twist to the center
of the star, the thinner the peak. For r ~ 1072R, one
gets 42 > 0.3. In the external region of a star (r >
0.1R), the field twist results in a smooth change of the
probability in a wide energy region, and it is impossible
to distinguish it from other effects (Fig. 10). In any case
the absolute value of AP is small, unless A¢ > .

As follows from (44) the field twist can also destroy
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adiabaticity, when |$| > |V|. Randomly twisting fields
inhibit the conversion in such a way. This can result in
bumps of the survival probability that may be similar to
those due to density jumps.

VIII. CONCLUSION

(1) For neutrino mass squared differences Am? < 10
eV? (which are interesting for the cosmology, as well as
for the physics of solar and atmospheric neutrinos) res-
onant spin-flavor transitions (v, — U, etc.) take place
in almost isotopically neutral region of a collapsing star.
In this region which extends from ~ 1073Rg to ~ Rg
the deviation from isotopical neutrality, 2Y, — 1, can be
as small as 10~3-10~%. Correspondingly, the matter po-
tential for the spin-flavor transitions, being proportional
to (2Y. — 1), turns out to be suppressed by 3—4 orders of
magnitude. Moreover, the potential changes sign at the
inner edge of the hydrogen envelope.

(2) The suppression of the effective potential in the
isotopically neutral region diminishes the values of (uB)
needed to induce appreciable spin-flip effects by 1.5-2
orders of magnitude. Thus, the sensitivity of the neu-
trino burst studies to the transition magnetic moments
of neutrinos increases, being of the order 107'3up for
Am? = 1078-10"! eV? and for a reasonable strength of
the magnetic field. In particular, for Am? = 1078-107°
eV? the desired values of (uB) turn out to be 1.5-2 orders
of magnitude smaller than those for a strong conversion
of the solar neutrinos.

(3) In the isotopically neutral region the potential
changes very quickly in the layers with local ignition
(jumps of the potential). The jumps result in a distortion
of the energy dependence of probabilities. In particular,
one can expect the appearance of thin peaks in the sur-
vival probability if the jump is situated in the inner part
of the star.

(4) Depending on the values of the neutrino parameters
as well as on the magnetic field profile one expects a va-
riety of the modifications of the neutrino spectra. In the
case of a direct mass hierarchy and a small flavor mixing
the main signature of the spin-flip effect is the distortion
of the D.-energy spectrum, and especially the appearance

of a high-energy tail. In general, the final 7, spectrum
is the energy-dependent combination of the original 7,
spectrum and the hard spectrum of the nonelectron neu-
trinos. Another important signature of the spin flip can
be obtained from a comparison of the spectra of different
neutrino species. In particular, the 7. and v, spectra can
be completely permuted. The combination of the spin-
flip effect with other (flavor) transitions may result in a
rather peculiar final spectra. For example, v, may have
the spectrum of the original 7., whereas U, may have the
original v, spectrum. The electron neutrino and antineu-
trino spectra can be the same and coincide with the hard
spectrum of the original muon neutrinos, etc.

(5) The resonant spin-flip effect for the massless or the
degenerate (Am? < 10710 eV?2) neutrinos can be induced
by a change of the nuclear composition. Such a tran-
sition takes place both for neutrinos and antineutrinos
in the same spatial region (near to the bottom of the H
envelope), resulting again in hard and equal v, and 7,
spectra.

(6) The absence of the considered effects allows one
to get the bound on [uB(r)] as a function of Am2. We
estimate such a bound for SN 1987A.

(7) In the isotopically neutral region, where the matter
potential is strongly suppressed, the effects of a (even)
small field twist may be important. A field twist can
further suppress the potential, thus increasing sensitivity
to the magnetic moment. However, if the total rotation
angle is restricted (< w), a possible diminishing of uB
can be by factor of 1/2 at most. The twist of the field
may induce a distortion of the neutrino energy spectra.
In particular, improving adiabaticity, in the inner part of
the isotopically neutral region the field twist may lead to
peaks of the transition probabilities.
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