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We study the eff ects of neutrino spin-flipsin the magnetic fidd, Bagn, Of an active galac-
ticnudei (AGN) for high-energy neutrinos (E > 10° GeV) originaing from the AGN, induced
by an interplay of a violation of the equivdence principle parameterized by A f and the twist
in Bagn. We paint out that a conversion effect may exist for Af ~ 10734(6m? /1075 eV?)
independent of the gravity mixing angle Observational consegquences for this conversion
effect are discussed.

PACS. 95.85.Ry — Neutrino, muon, pion, and other elementary particles; cosmic rays.
PACS. 98.54.Cm — Active and peculiar galaxies.
PACS. 14.60.Pq — Neutrino mass and mixing.

1. Introduction

In this paper, we study the spin-flip effects for high-energy neutrinos (£ > 106 GeV)
originating from active gdactic nuclel (AGN) induced by a violaion of the equivalence principle
(VEP) and/or magnetic field twis; AGNs are presently consdered to be a likely source of high-
energy neutrinos [1]. The VEP arises because different flavors of neutrinos may couple differently
to gravity [2-4]. This essentially results from the redization tha flavor eigenstates of neutrinos
may be the admixture of the gravity eigenstates of neutrinos with different gravitationd couplings.
A magnetic field twist occurs when the direction of the magnetic grength lines in the plane
transverse to the neutrino momentum originating from AGN may not be fixed. Severd generd
descriptions of the possible effects of magnetic field twist are avalable [5], aswedl as those rdated
to the sun [6], supernovee [ 7] and the early universe [§].

The present study is particularly welcome as the new under ice or water Cerenkov light
detector arrays, namdy AMANDA, Baikal (as well as NESTOR and ANTARES), commonly
known as high-energy neutrino telescopes, based on muon detection, will have not only energy,
angle and flavor resolution but also possbly particle and antiparticle resolution in the dectron
neutrino channd near the Glashow resonance energy, £ ~ 6.4 - 106 GeV [9-12]. These charac-
terigics make these neutrino telescopes egpecially suitable for the gudy of high-energy neutrino
conversons

We gudy here the spin-flip effect for Mgorana type neutrinos in the vicinity of the cores
of active galaxies, which we heredfter refer to as AGNs. Some AGNSs give off a jet of matter
that sreams out from the core in a transverse plane and produces hot oots when the jet strikes
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the surrounding matter at its ends. For a discusson of neutrino spin-flips in jets and hot spots,
see [13]. Previously, the spin-flip effects for AGN neutrinos due to the VEP were sudied in [14,
15]. The VEP is parameterized by a dimengonless paameter Af. In [14], by demanding an
adiabatic converson to occur, a lower bound on the neutrino magnetic moment ., was obtained in
terms of Af, wheressin [15], the effect of a possble random fluctuation in the magnetic field of
the AGN, Bagn, on the neutrino spin precesson was considered. In [16], neutrino spin-flips in
AGN due to gravitational effects (not dueto the VEP) and dueto the presence of a megnetic fied
were studied. Here we address two aspects of spin-flip for high-energy neutrinos originating from
AGNsS, viz, the spin (flavor)-precession with (or without) VEP and the twig in Bagn; and the
adiabatic/non-adiabatic conversion due to an interplay of twig in Bagny and the VEP. We point
out tha, for the later type of conversion effect, a A f onthe order of 10739 — 10~ depending on
om? gives ressonably large conversion probabilities. In particular, we point out that the neutrino
inflip in an AGN induced by an interplay of the VEP and the twist in Bagny may giverise to
changes in the partide/antiparticle ratio as compared to the no spin-flip stuation in the dectron
neutrino channel near the Glashow resonance energy.

The plan of the rest of the paper is as follows In section I, we brigfly discuss the
metter dendty and amagnetic fidd profilein an AGN. In section 111, we discuss the spin (flavor)-
precesson dueto the VEP and determine the vdueof A f needed to have the precession probability
gregter than 1/2. In the same section, we consider in some detail the adiabatic and non-adiabatic
conversons induced by an interplay of a conceivable twis in Bagx and the VEP and edimae
the reaulting neutrino spin (flavor)-converson probabilities. In section IV, we discuss a possible
observationd conseguence of neutrino spin-flip in an AGN and contrag it with the pure vacuum
flavor oscillations. Finally in section V, we summarize our results.

II. The matter density and magnetic field in an AGN

Neutrino spin-precession in the context of the sun wasdiscussed in[17]. It was pointed out
that the matter effects tend to suppress the neutrino spin-precession effect. Asshown below, for an
AGN, matter effects arising due to coherent forward scattering of neutrinos off the metter particle
background are negligible 1. The essentid conditions needed for gppreciable spin-precession are:
() uBArz1, i.e, B must be large enough in the region of width Ar; (ii) the smallness of
the metter effects, so that neutrino spin-precession is not suppressed (see beow); and (iii) there
should be no reverse spin-precesson of neutrinos on their way to earth. As for thethird essentid
condition the typicd observed intergdactic magnetic fidd for thenearby galaxiesis estimated to be
~ O(107?) Gatascdeof Mpc, where 1 pc ~ 3-10'8 em [19]. Taking atypicd distance between
the earth and the AGN as ~ O(10%) Mpc, we note tha the effect induced by the intergalactic
and galactic magnetic fidds is quite small as the gaactic magnetic fidd is ~ O(107%) G, thus
causing negligible reverse neutrino spin-precession.

According to [20], the matter density in the vicinity of an AGN has the following profile
p(z) = pof(z), where pg ~ 1.4- 10713 glom® and f(z) ~ 2723(1 — 0.12%3)~1, as we take
the AGN photon luminasity to be 10'® erg/s, with = = r/Rs, Rs being the Schwarzchild radius

1 Similar estimate for other astrophysica systems like sun and supernovae shows that the matter effects are indeed
non-negigible in most parts of these systems|[18].
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of the AGN: Rg ~ 3- 103 (%,éMﬂg cm. We take the distance traversed by the neutrinos to be

10 < 2 < 100 in the vicinity of the AGN. These imply tha the width of the matter traversed
by neutrinos in the vicinity of the AGN is lagny ~ (1072 — 10~1) g/lom?. In the presence of
meatter, the effective width of matter needed for appreciable neutrino in-flip, on the other hand,
islo = V2rmyG Rt ~ 2-10° glem? >> [,y Hence, from now on, we ignore the matter effects

We consider now the magnetic fidd in the vicinity of the AGN with the following profile
[20]

Baan(z) = Bog(x), @)

where By ~ 5.5-10* Gand g(z) = 27 ™ (1 — 0.12%31)7%5 for 10 < 2 < 100. Wewill use this
Bagn in our estimates as an example.

II1. Neutrino spin-flip due to the VEP and twist in Bsgy

The evol ution equation for the two neutrino state for vanishing gravity and vacuum mixing
angles may be written in a frame rotating with the magnetic fidd as [21]

i =Hgp10, 2

where 7 = (v, ) ad Hepp is a2 x 2 marix with Hy = 0, Hiz = Hzy = pB and Hay =
§—Vg+¢. Herea = por 7, and ¢ = dg/dr defines the direction of rotation of Bagn (= B) in
the plane orthogona to the neutrino momentum. § = dm? /2E, where dm? = m2 —m3 > 0, with
E being the neutrino energy and j = 2 or 3. In Eq. (2), for later convenience, we have subtracted
from the lower diagonal eement, the upper diagond d ement of the effective Hamiltonian in order
to make the upper diagond element equd to zero. Thisis equivdent to the renormdization of the
two neutrino wave functions by the same factor, which does not change the relevant precession
(conversion)/survival probabilities [21]. V; is the effective potential fet by the neutrinos a a
digance r from a gravitationd source of mass M due to the VEP and in its rather simpler form

isgiven by [2]
Vo =AfB(r)E, ©)

where Af = (fo — f1)(fa+ f1)~ ! and B(r) = GyMr~1 is the gravitationad potentid in the
Keplerian gpproximation, with G being the gravitetiond congant. Here f1Gy and f,Gn are
the gravitational couplings respectivey for v, and 7, uch tha f; # f,. Le us note tha in the
vicnity of an AGN, the V; due to the AGN dominates [22].

We consider mainly the following two neutrino flavors: v, and v, in the subsequent
discussion in this section, motivated by the fact that the initid fluxes of these neutrino states are
etimated to be maximaly asymmetric, typically with (v, + ;) /(ve + ¥) 2 1075, according to
various models of AGN [23]. Presently, the high-energy neutrino flux from AGNs can dominate
over the amospheric neutrino background typical ly for £ > 10° GeV. The current empirica upper
bounds on high-energy neutrino flux, for instance, from AMANDA (B10), is rdevant typicaly
for £ 10% GeV [24]. Let us mention here that the upper bound discussed in [25] does not
apply to the (diffuse) high-energy neutrino flux originating from the cores of AGNs because these
sources do not contribute dominantly to the observed ultrahigh-energy cosmic ray flux.
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In this section, we intend to discuss, in some detal the possible effects arising due to the
interaction of the neutrino magnetic moment, i, with Bag, which enhance the ratio, that is, to
obtain (v + ;) /(ve + ) > 107°. In this context, we now propose to study the various man
possbilities arising from the relative comparisons between 4, Vi; and ¢ in Eq. (2).

Case 1. Vg = ¢ = 0. For constant B, we obtain the following expression for the
in-flavor precess on probability P(v. — ) by solving Eq. (2):

2
P(Ve — Ija) = %} SiIl2 (\/ (2/.LB)2 + X2. %) s (4)

with X = 4. We now discuss the rdative comparison between 2B and 6, and evduate P for
the corregponding 6m? range.

a) § < 2uB. Usngthe B givenin Eq. (1) for u~ 107245 [26], the condition § < 2uB
impliesdm? < 5-10% eV2 with E ~ 106 GeV. Wetake here ém? ~ 5-10~6 eV2 asan example.
The expresson (4) for P then reduces to

P (Ve — D) ~ sin(uBAT). 5

The phase of P can be of the order of unity if uBAr = Z (or if uBArz1) for a congant B.
Evidently, this P isindependent of E. According to Eq. (1), the Bagn Vvaries with distance 0
that, to have maximal depth of spin-flavor precession, we need to integrate the strength of the
magnetic fidd along the neutrino trajectory. Thus, for maximal depth of the v, — 7, precesson,
we require in Eq. (5) that

i A "B 21 ©)

We note that Eq. (5) [along with Eq. (6)] give P(ve — 7y) > 1/2 for the Bagn profile given
by Eq. (1) with u ~ 10712u 5. Thus, an energy independent permutaion (exchange) between v,
and 7, may reault with P > 1/2. This energy independent permutation of the energy spectra of
ve and 7, for small §m? follows from the fact that Eq. (5) dso gives P(7, — ve), Since we ae
congdering a two neutrino date sysem. For another magnetic field strength profile of the AGN
[27] we obtain P(v, — 7,) > 1/2 for u ~ 2-10716u 5 [this profile suggests a constant magnetic
fidd ~ O(10%) G for 2 % 10]. We thus obtain the same P value (P > 1/2) with a 4 orders of
magnitude smaller  for this Bagy profile for the same dm?2. Therefore, if p turns out to be
~ 01071y and if empirically it is found that, for ingance, P(v. — ) > 1/2 for small §m?
then this situation may be an evidence for the latter B g profile. Let us further note that this
amdl vadue of 6m? (9m? ~ 5-1075 ev2) is not only interesting in the context of sun [6] but also
upernovee [7].

b) 6 ~ 2uB. Here ém? corresponds to 5 - 104 eV2. In this case expression (4) for P
reduces to

P(ve — ) ~ 1/2 sin?(v/2uBAr). (7

Thus, for §m? ~5-10~* eV?2, energy dependent distortions may result in survived and precessed
neutri no energy spectrawith P2 1/2.



VOL. 40 M. ANWAR MUGHAL AND H. ATHAR 255

0 & > 2uB, that is, dm? > 5-10~* eV2. Energy dependent distortions may result for
relatively large 6m? with P < 1/2. For ingance, consider m? ~ 1073 eV?, rdevant for the
amospheric neutrino problem[28]. The (ve+7.)/(v-+77) rdio aswél as (ve+7e) /(v +17,) Will
have energy dependence in this case. Among the v, and v, channels, the spin-flavor precessions
leed to an energy dependent (v + ) /(v, + 7,,). This dtuaion may be redized by replecing v
by v, and o by 7 in Eq. (2) with the corresponding changes in §m? and in V. For comparison,
let us note that the pure vacuum flavor oscillations lead to an energy independent ratio equal to
V2, tha is (vr + v7)/(vu + D) ~ 1/2 [29]. Therefore, an energy dependent ratio different
from 1/2 may provide evidence for a high-energy neutrino spin-flip in AGN. It is relevant here to
mention that the future/exiging high-energy neutrino telescopes may attempt to measure the three
ratios (v, +v;)/ (v, + 9y), (Ve +7)/(v, +1,) s wdl as (v, +7;)/(v. +7,) of the dosolute
fluxes of high-energy neutrinos and possibly the energy dependence in this ratio [see section IV
for some further discusson].

Let us note that all these spin (flavor)-precesson situaions are redized without any VEP
and magnetic fidd twig in Bygy, asaspin (flavor)-precession for AGN neutrinos may develop
even without a VEP and gravitational neutrino flavor dependent effects. Thus, the cause of change
(as compared to the no precession situation) in the ratios of the (v, +7;), (v, +7,) and (ve +7e)
fluxes, as well as an energy dependence in these raios, in future/existing high-energy neutrino
telescopes may not only be attributed to VEP and/or gravitationd effects depending on the reevant
om? range

Case2. Vg =0,¢ # 0. For constant B and #, we obtain the expression for the precession
probeblllty (for small ) by substituting ¢ for X in Eq. (4). We first take ¢ ~ 2uB, thus § < ¢
for 6m? ~ 5-107° eV2_[as considered in case 18)]. Note that in this expression for precession
probability, the sign of ¢ is unimportant. It is natural to suggest that the total rotation angle of
the AGN magnetic fied isrestricted by A¢Z . Thus for instance, atwig appears, when high-
energy neutrinos cross the toroida magnetic fidd with magnetic srength lines winding around the
spherically accreting matter disk in the AGN. In this case the maximal rotation angle is m, i.e,
the above bound is satisfied. The fied twist can be characterized by the scde of the twist, rg,
suchtha r, = m/¢, so that ontheway, the totd rotation angle (for uniform rotetion), is A¢ = .
Let us define the criticd rotation scde as = 7/2uB [30]. Note that this % coincides with
the precesson length Ip [= (2uB)~Y] apart from a factor of = and, on dimensional grounds, is
the simpl est poss bility. For appreciable magnetic fid twist effects, evidently werequirer,, ng).
Comparing % with the digance from the center of AGN in units of = (or Rg), wefind that r ~ TS
for a B that is smdler than the available Bagn given by Eq. (1). Inthiscase P(v. — 4) reduces
to Eq. (7). Thus, for small §m?, we obtain here P > 1/2. This case can therefore be differentiated
from the previous one by concentrating on the P value. For small §m? [case 18)] previoudy we
have P > 1/2. The magnetic fied twist effects here may give rise to an energy independent in
(flavor)-precession between v, and ;. However, here, unlike the previous case for small dm?,
the required B has an upper bound for a naturally scaled fidd twist. For ¢ < 2uB, we obtain
case 1a) wheress for b > 2u B, we obtan case 1c).

For § ~ —¢, the spin (flavor)-precession results from a cancdlation between ¢ and )
which for a naturdly scaled ¢ corresponds to dm? 25 - 10~ eV2 with P > 1/2, whereas the
opposite sgn of ¢ results in suppression of P. Thus, for large dm? (but comparable to ¢), energy
dependent distortions may occur with P > 1/2. For § > ¢, this case reduces to case 1c).
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Case 3. Vg # 0, ¢ = 0 (with gmall ¢, that is, § < 2uB). For congant Vi and B, we
obtain from Eq. (4) the rdevant precesson probability expression by replacing X with V. |If
Vi < 2uB then, using Eq. (1) and Eq. (3), weobtan Af < 6-10732. Wetake here |[Af|2 10734
as our criteria and so consequently the corresponding P reducesto (5). This resultsin P > 1/2
with no energy dependence. Thus this case coindides with case 1a) for smal Af(Z 1073%),
depending on the given Bagn profile. Consequently, if there is a VEP at the level of 10734 or
less, a spin (flavor)-precession for neutrinos may occur in the vidinity of AGN with smal 6m?.
Evidently, thisvalue of Af isindependent of the gravity mixing angle [2]. L&t us note in passing
that this vdue of Af is (much) lower than the one obtained in [4]. For Af 210734, energy
dependence in P results in P 21/2. For lage § (§ ~ Vi) seecase 5, and if § > Vi then
this case reduces to 1c). The upper bound for A f obtained in this case has only a linear energy
dependence, wheresas the other necessary requirement [ Eq. (6)] does not depend on E' for smdl 4.
Thisisin sharp contrag to the situation discussed in case 5, where both the level crossng as well
as the adiabaticity conditions depend on E. Thus to summarize, we have pointed out in this case
that, for high-energy neutrinos originating from AGN, a spin (flavor)-precesson may deveop in
the vicinity of the AGN if Af 21073 yidding, for instance, (v, + ) /(ve 4 ) > 1075,

The observationad consequences of the high-energy neutrino spin-flavor precessions dis
cussed in the previous three cases are the energy dependence in the rdevant ratio of the fluxes as
well as a possible change in the ratios with regpect to the pure vacuum flavor oscillaions. With
theimproved information on the relevant neutrino mixing parameters, these cases may in principle
be disentangled from each other.

Case 4. Vi = ¢ (for small §). Thisresults in conversion effect in contrag to the previoudy
consgdered three cases [which are spin (flavor)-precesson effects].

Two conditionsareessentid for an adiabatic conversion: i) leve crossing and i) adigbdicity.
The level crossing is obtained by equating the diagonal element of the effective Hamiltonian in
Eqg. (2), ie, Vg = ¢ implying Af o< E~! (or a linear dependence of ¢ on E). For 7, — Vo
conversons, if Af > 0 (both for particles and antiparticles) then there is no leve crossing as ¢
is negative for this channd. If Af < 0, then the leve crossing shifts to the antiparticle channd
(Ze — v4). Thus asimultaneous deficit/enhancement in both the v, and 7. spectra (and inthe v,
and . spectra) is not expected dueto an interplay of the VEP and thetwist in By unless A f
has a different sign for partices and antipatides The levd crossng is induced by a naturdly
scaed field twist for Af 2 1034, that is when r§/r 21 (see case 2 dso). Let us note that this
level crossing isinduced by an interplay of magnetic fidd twist and a VEP for neutrinos with smdl
om? (0m? < 5-107% ev?). Thisisa characteristically distinct feature of amore redistic situation
of having magnetic strength lines winding around the nearly sphericd matter disk. However,
level crosing alone is not a sufficient condition for a complete converson. As stated ealier,
adiabaticity is the other necessary condition that determines the extent of converson. If there is
only leve crossing and no adiabaticity at the level crossng then thereis no converson of dectron
neutri nos into anti-tau neutrinos. In the rema ning part of this case, we discuss quantitatively the
latter condition, that is, adidbaticity.

The adiabaticity condition assumes the slowness of variation in V; and is given by [31]:

2(2uB)?

R=—r¢
Vel

(8)
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FIG. 1. P(7, — v,) asafunction of E (GeV) for some representative values of A f with §m? ~ 10710
ev2and p ~ 107125 using Eq. (9) for illustrative purpose. Upper curve, Af ~ 102, middle
aurve, A f ~5-1073° lower curve, Af ~ 210739,

This is the adiabaticity parameter in the resonance for uniform magnetic field twist (¢ = 0). A
conversion is adiabatic if r 1. Noticethat here r oc E~1. Since g depends (quadraticdly)
on B, thus adiabaticity of converson is essentially determined and controlled by the given B
profile By requiring an adiabatic conversion to occur, we can obtain B,q from Eqg. (8). Using
Eq. (1) and for Af ~ 10~3* (a requirement of level crossing), we obtain B,q < Bagn. Itis
interesting to note that the B, 4 does not depend on any B profile of the AGN, it is determined
rather by the gradient of V;. Thus an adiabatic converson may occur for Af ~ 10734 or
less depending on §m? in a uniform megnetic fidd twist. Let us emphasize tha this adiabatic
level crossing is induced by the change in the gravitaiond potential rather than the change in
the effective matter dengty. A general expression for neutrino spin-flavor converson probability
induding the effect of non adigbaicity ( r < 1), using Eq. (2), is [32]

P(ve — vy) = % - {% —exp <—g R> } cos 20p, cos 20, 9

where tan2fp, = (2uB) /(0 — V) is evduated at the high-energy neutrino production dte in
the vicinity of the AGN and tan20p, = (2uB)/(0 — V) isevduated at the exit. In Fig. 1, we
display P using Eq. (9) for some representative vaues of Af, with ém? ~ 10710 as a function
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of E for illustrative purpose only. From Fig. 1, we notice that for E ~ 6.4 x 10° GeV, the P is
rather large (~ 0.6 — 0.7), thus leading to a suppression in the . flux.
Nonuniform fidd twis (¢ # 0) changes the adi abaticity condition (8). It now reads
_ 2(2uB)?
Ve — ¢l
Thus, for ¢ ~ Vi, we may have a large enhancement in 4. For a naturdly scded field twist,
the total rotation angle for a nonuniform magnetic fidd twig is given by [7]

P (10

A(b ~ 1_%17 (]—1—)

i.e,, the totd rotation angle is given by the inverse of the adigbaticity parameter for a uniform
magnetic fidd twist. Clearly, only modes improvement in g may be achieved for a naturaly
scded magnetic fidd twist. The corresponding converson probability P in this case is energy
dependent. Thus observationaly, we may obtain here (v + ) ~ (ve + 7., due to an adiabatic
conversoninduced by an interplay of ¢ and V¢ in the vicinity of the AGN. For large §, comparable
to Vi and ¢, see case 6.

Case 5. Vg ~ 0,¢ = 0. This dtuation adso results in conversion effects (as opposed to
cases 1-3), however see case 3 dso. The leve crossing implies

dm?
~ . —34 -
Af ~2-10 <1056V2). (12)

Note that the relative sign between § and Vi isimportant for levd crossing.

If Af > 0, bothfor particles and antiparticles, then both v, and 7, will trandform g multa-
neoudy, whereas if Af < 0, both for particlesand antiparticles, no level crossing takes place. On
the other hand, if A f changes sign for particles and antipartides level crossng between partides
or antiparticles will take place. Thus, this case can be distinguished from the previous case.

It is important to note tha from the level crossing it follows that Af o E~2, i.e, an
inverse quadratic £ dependence on Af. Thus, the levd crossing induced by the VEP done has
adifferent energy dependence on A f, as compared to the level crossing induced by an interplay
of ¢ and the VEP (see previous cax). The rdevant adiabdicity condition may be written as

—12 3
Bad23-102ca<10 M“B) <1OA_J;9)2 <1ORS)- (13)

r

We note that B,q < Bagn for 10 < z < 100. The adiabaticity parameter here has the same
energy dependence on E as in case 4. Thus, the adiabatic conversion may occur, giving rise to
energy dependent digtortions with corresponding conversion probability greeter than 1/2. For large
0 whereas a in (flavor)-precession is suppressed [ see case 1b) and 1c)], an adiabatic conversion
may result with P > 1/2 for large Af, thus resulting in correspondingly different observetiond
conequences. For § < Vg this case reduces to case 3, whereas for § > Vz, we obtain case 1c).

It follows from the discusson in cases 4 and 5 tha a nonzero Af is needed to induce an
adiabatic leve crossing with P > 1/2. Thisisin contrag to cases 1, 2 and 3 where a spin-flip
may occur through spin (fl avor)-precession without A f with P > 1/2.
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Case 6. If §, Vg ad  are of the same order of magnitude then we have two possibilities:
the Vo and ¢ terms cancel each other. Then, effectively case 1 @) is recovered. On the other
hand, if Vi and ¢ tend to add up, then effectively (apart from a factor of 2) we obtan ether case
2 or case 5.

From the discusson in the previous cases, it follows that neutrino spin-flavor preces
songconversions may occur in sverd situaions depending on the range of rdevant neutrino
mixing parameters.

IV. Possible observational consequences of neutrino spin-flip in AGN

In this section, we discuss in some detail the potential of the future high-energy neutrino
telescopes to possbly determine some observational consequences of neutrino spin-flip in AGN
through examples

The planned high-energy neutrino telescopes may in principle differentiate between the three
neutrino flavors (e, © and 7) consdered <o far in this pgper [10]. The particular rdevance hereis
of the dectron neutrino channd, in which the downward going 7. interaction rate (integrated over
dl angles) is edimaed to be an order of magnitude higher than that of (v, + 7.) per Megaton
per year @ E ~ 6.4 -10° GeV [33]. This order of magnitude difference in the interaction rate of
downward going 7, reaiveto (v, + 7. ) degp indagic scatterings is due to the Glashow resonance
encountered by 7. with E 2 105 GeV when they interact with electrons near or i nd de the detector.
The upward going 7., on the other hand, while passing through the earth, at these energies are
dmost completely absorbed by the earth. Thus, for instance, if £ ~ 6.4 - 10° GeV, an energy
revlution AE/E ~ 2Tw /My ~ 1/20, where T'yy ~ 2 GeV is the width of Glashow resonance
and My, ~ 80 GeV, may be needed to empiricdly differentiate between v and (ve +7.). The 7
and (v, + 1,) esentidly produce a single shower event. Thus, the planned high-energy neutrino
telescopes may in principle attempt to measurethe v, /v, ratio near the Glashow resonance energy
in addition to identifying (v- + ), (v, +17,,) aswdl as (v. + 7.) events separatdy by measuring
the retio of these fluxes. This may dlow us to corroborate the neutrino mixing effects somewhat
meaningfully.

The near futurelarge high-energy neutrino telescopes may atempt to utilize this enhancement
in the 7, cross-section over tha of the dectrons to measure the high-energy (antidectron) neutrino
flux. Therefore, it is useful to ask for what possble range of neutrino mixing parameters, the
high-energy v, flux could be suppressed (or enhanced). In the remaining part of this section, we
eaborate such a possbility. Let us remark here that a present the absolute normalization of the
high-energy neutrino flux is basically unknown [34]. The suppression or enhancement for high-
energy 7, flux correlaed to the direction of the source dong with the corresponding changes in
the remaining neutrino flavors, as pointed out in this paper, depends only on the neutrino mixing
parameters (and on the source).

Let us comment on the implications of current atmospheric and solar neutrino results on our
analyss presented in section I11. A recent global three neutrino oscil lation study [35] of neutrino
data indicates that the begt fitted dm? and sin? 20 vaues for solving the atmospheric neutrino
problem in terms of v, — v, oscillaions are typicdly ~ 1072 V2 and ~ 1. On the other hand,
presently there exists more than one solution for solving the solar neutrino problem in terms of
Ve — Uy 0illations. For the SMA (MSW) solution, the ém? and sin? 20 vaues are ~ 10~ V2
and ~ 1072, for the LMA (MSW) solution, theseare ~ 10~5 eV? and ~ 1, whereas for the VAC
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wlution, these are ~ 1079 eV? and ~ 1, respectively. The LOW solution values are dose to
that of the LMA (MSW) solution. Following [36], and using these values of §m? and sin? 26, we
note that energy independent pure vacuum neutrino flavor oscillations occur between the AGN
and the earth irregpective of the specific oscdllation solution for the solar neutrino problem.

In order to further contrast the spin-flip effects studied in this paper with the pure vacuum
flavor ocillations for (downward going) high-energy neutrinos originating from AGNs, let us
emphasize that vacuum flavor oscillations lead to the same energy independent ratio for the three
flavors, ie, F, : F, : Fr =1:1:1, wheree = (ve +7.), €c., at the levd of intrindc eectron
neutrino flux FY. This is so because, firgly, the mater effects are bascaly negligible in the
vicinity of the yet known sources of high-energy neutrinos as well as between the source and the
earth, and, secondly, the sources are considered to be cogmologically distant and that the intrinsic
raio of the high-energy neutrinosis 1 : 2 : 0. Theefore a deviation from 1: 1: 1 for the
find retios corrdated to the direction of the source as wel as an energy dependence may provide
an example of a neutrino spin-flip effect in AGN. A simple rdevant remark is in order here.
The pure vacuum flavor oscillation length is given by [ ~ 4F /dm?, whereas the spin-flavor
precesson length is (defined earlier as 1) 15y ~ 1/2uB. For the §m? range under discusson,
ie, 10719 §m?/ev? 1073, and for the typical E vduerange ie, 106 FE/GeV 107,
with 4o~ 10~2u5 and B = Bagn given by Eq. (1), we note that I,y < ;. Therefore, spin-flip
effects may dominate in the vicinity of the AGN. The pure vacuum flavor oscillaions that may
dominate between the AGN and the earth are essentidly an energy independent effect. Thus
the energy dependence due to neutrino spin-flip in AGN in for instance (ve + 7e)/(vr + D7) Will
urvive, providing a sgnature of neutrino spin-flip in AGNs (see Fig. 1).

To disentangle the neutrino in-flip effects from pure vacuum flavor oscillation effects,
a suitable energy range ~ 4My Ty /m. can be centered at £ ~ 6.4 x 10 GeV. The vacuum
neutrino flavor mixing parameters (namdy ém? and sin? 20) will presumably get measured in
various terrestrid experiments and so the corresponding effects for high-energy neutrinos can
rdiably be isolated from the spin-flip effects discussed here

In the case of spin-flavor precess ons between (v, +7,,) and (v-+7.), which may happen for
the range of §m? values given in case 1c) of the previous section, the observational consequence
is a change in the vaue of the (v, + 7,)/(v, + 7,) ratio a compared to that of pure vacuum
flavor oscillations along with a possible energy dependence. The empirical diginction between
v, and 7, aswdl & v, and 7, is currently not envisaged for the typical high-energy neutrino
tdescopes. The pin-flavor precession effects discussed in cases 1-3 leads to precessions of the
type v — Uy, Uy and 7, — v, v Simultaneously. Thus, inthis case the réio v, /7. isthe same,
however, energy dependence in the raio v, /7. and a change in the non-electron neutrino flux
raios here remain a distinctive feature of spin-flavor precessions, depending on m? vaues. The
energy dependence in the v, /7, raio due to production should be essentidly absent in case v,
and 7. come from the same parent particle, for ingance, from .

Thereareseveral situations (case4-5) as discussed inthe previous section inwhichv, — 7,
o spinflavor conversions may occur. As pointed out earlier in this section, distinction between
v, and U, may become possible near the Glashow resonance energy, so this possbly gives a
better chance to identify an observational consequence of neutrino spin-flip through spin-flavor
conversons For Af ~ 10734, if the VEP is different for neutrinos and antineutrinos then the
energy dependent spin-flavor conversons, as discussed in case 5, may give rise to change in
the v, /7, rdio, in addition to a changein (v, + ;) or (v, + 7,), whichever the case may be.
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However, if the VEP is the same for neutrinos and antineutrinos, then this situation coincides
with the previous Stuation of sin-flavor precession, i.e, no change in the v, /7. ratio. Thus
for instance, absence (or enhancement, depending on sign of Af) of 7. events near the Glashow
energy and energy dependence and enhancement in the ratios of other neutrino flavors from an
AGN may provide an observational consequence for neutrino spin-flip in AGNs.

An interesting situation may arise ater the incorporation of magnetic fie d twist effects, as
discussed in case 4, which dso give rise to change in the v, / 7. ratio but for different (small) §m?
values, irrespective of the nature of the VEP. The pure v, — 7. or 7. — v, (though suppressed
[37]) may dso take place giving rise to changes in the v, /7. raio (for ingance, different from
unity), possbly with no energy dependence or change in the (v + v;)/(v,, + 7,) ratio. This can
be realized from the discusson in case 4 of section |11, where it is pointed out that an interplay
between the VEP and a naturdly scded fidd twig leads to conversions in either the v, or 7
channel but not in both channels smultaneously. Note that in this case a nonzero Af and a
nonzero ¢ is needed.

A relevant remark isthat “ matter like” effectsinduced by the presence of nonzero A f (along
with nonzero ¢) differentiates between particles and antiparticdes Thus, if the measurement of
the v, /7. rétio for high-energy neutrinos originating from AGNs were to become fessible, it may
a least in principle condrain Af to (much) smaller vaues than those which can currently be
achieved by neutrinos from other astrophysical sources [4]. Let us note that a change in the
ve/Ue raio is not expected from pure vacuum flavor otillations This can be a charecterigic
observationd consequence of incorporating the effect of a possble (uniform) rotation of magnetic
drength lines dong the high-energy neutrino trgectories originating from AGNSs.

The expected event rates for different neutrinoflavorsin akm? volume high-energy neutrino
telescopes usng the rather optimistic diffuse upper flux limits, as an example, given in Ref. [20]
typically range, for E ~ 10 GeV, as follows: the downward going (v. + 7.) event rae is
typically ~ O(10'), the downward going (v, + 77,,) event rate is typicdly ~ O(10%), wheress
the downward going (v, + ;) event rae is typically ~ O(10%), dl in units of per year per
geradian, the downward going 7. event rate for E ~ 6.4 - 105 GeV being approxi mady haf
an order of magnitude higher than the (v, + 7.) event rate in the high-energy neutrino telescopes
[38]. The three flavors are expected to have different event topologies [39], thus providing some
progpects to search for the observationa consequences pointed out in this section.

Summarizing, a possible observationa consequence of neutrino spin-flip in the high-energy
neutrino telescopes include a change in the expected v, /7, ratio correlated with the direction of
the source with an energy resolution AE/E 2 1/20 near the Glashow resonance energy as well
as a possible energy dependence in the ratio of the three flavors. Some of the other situations in
neutrino spi n-flip discussed here tend to overlap with the pure vacuum flavor o<cillations scenario.

V. Results and discussion

The intrinsic fluxes of the high-energy neutrinos (E > 106 GeV) originating from AGN
are estimated to have the following raios (ve + 7e)/(vy + 7u) =~ 1/2, (vr + Ur)/(Ve,u +
Vey) 21075, Thus, if an enhanced energy dependent (v~ + ;) /(ve + ) ratio (as compared
to no precesson/converson situation) is observed correlated to the direction of the source for
high-energy neutrinos, then it may be either an evidence for a sin-flip through spin (flavor)-
precession done or, through a resonant conversion in the vicinity of the AGN due to an interplay
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of VEP and/or a conceivable magnetic fidd twist in Bagy, depending on the fingr detals of
the rdevant high-energy AGN neutrino spectra. The spin (flavor)-precesson and/or conversion
effects discussed in this paper may be distinguished from the pure vacuum flavor oscillations by
observing the energy dependence of the high-energy neutrino flux profiles. A mutud comparison
of the relevant [that is, for ingance, (ve + 7.) and (v- + ;)] high-energy neutrino spectra may,
in principle, hel p to isolate the mechanism of neutrino conversons in the vicinity of AGN.

Theincorporation of a possible magnetic fidd twig induces a leve crossing in the vicinity
of AGN dueto the VEP. This converson can be made adiabatically resonant for a naturdly scaled
magnetic fidd twist with Af 210734, A resonant character in the oscillations of high-energy
neutri nos originating from AGN for vanishing gravity and vacuum mixings may not be induced
otherwise. Thus a breskdown in the universality of gravitational coupling of neutrinos a the
level of 10~3* or less, depending on the rdevant §m? may provide a possible cause for observing
energy dependence and change in the three neutrino flavors with respect to the pure vacuum flavor
oscillations, assuming that there is no appreciable reverse neutrino spin-flip between the AGN and
the earth.

For smdl om? (6m? < 5-107% ev?) a sin (flavor)-precession may result in an energy
independent permutation of the relevant neutrino spectra with the corresponding spin (flavor)-
precesson probability greater than 1/2. This spin (flavor)-precession may occur for smdl A f
(Af 2 10734). The spin-flip may occur through resonant conversions induced by the VEP and/or
fidd twist in Bagny aswdl. Assuming tha the information on A f may be obtained from various
terrestrid/extraterrestrid experiments, a mutua comparison between the survived and transformed
high-energy AGN neutrinos may enable one to distinguish the mechanism of converson. If, for
andl 6m? (6m? < 51075 eV?), energy dependent permutations are obtained empiricaly with
corresponding P > 1/2 then this Stuation may be an evidence for a converson effect dueto an
interplay of VEP and twist in Bagn.

For large dm? (6m? > 5 - 1076 ev?2), if energy dependent distortions and, for ingance, a
changein (v-+7;) /(ve+7e) is Observed with the corresponding conversion probability greater than
1/2 then the cause may be ardaively large Af (Af > 10~34) and/or anaturally scaled magnetic
fidd twist. The leve crossng induced by a VEP and/or fidd twist has a different E dependence,
thus, in principle, with the improved information on either A f or the scale of magnetic fied twist,
the cause of the conversion effect may be isolated. Further, as the energy span in the rdevant
high-energy AGN neutrino spectra is expected to be several orders of magnitude, therefore, energy
dependent spin (flavor)-precess on/conversion probabilities may result in distortions in somepart(s)
of the spectra for rdevant neutrino species, and may thus be identifigble in future high-energy
neutri no telescopes.

A possible observational consequence of neutrino spin-flip in AGNsin the eectron neutrino
channd only can be an observed change in the v, /v, ratio (as compared to no in-flip stuation)
near the Glashow resonance energy, which may be a result of an interplay of the VEP and the
magnetic field twist. This feature is absent in pure vacuum flavor oscillations

An additiona feature of the present study is that it may provide useful information on the
grength/profile of B¢y if the cause of v, <+ 1, . conversion/precession can be established due
to the VEP and/or magnetic fidd twig for high-energy AGN neutrinos.
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