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Neutrino oscillations in the presence of strong gravitational fields are studied. We look at very high energy
neutrinos(~1 TeV) emanating from active galactic nucléAGN). It is observed that spin flavor resonant
transitions of such neutrinos may occur in the vicinity of AGN duegtavitational effects and due to the
presence of a large magnetic figld1l T). A point to note is that matter effectmormal MSW transitions
become negligible in comparison to gravitational effects in our sce&@@556-282(196)02914-1

PACS numbeps): 14.60.Pq, 04.62:v

I. INTRODUCTION study the possibility of neutrino transitions between different
flavors and spins in the environment of a strong gravitational
It is well known that relativistic effects produce a preces-field using the semiclassical approximation. In Sec. IV we
sion of gyroscopes in the vicinity of a source of gravitationalapply the formalism to the interesting case of a Kerr black
field [1]. It is, therefore, reasonable to expect that particlediole; our main results are presented in this section. Finally,
will undergo helicity flips in such regions. This is particu- IN Sec. V we give our conclusions. Several mathematical
larly interesting in the case of neutrinos, because left-handedetails are relegated to the Appendixes.
neutrinos traversing a strong gravitational field could be con-
verted into unobservable right-handed ones, resulting in a Il. AGN MODEL
decrease of the neutrino fldWe will analyze in this paper,
following [3], the possibility of encountering resonant tran-  Active galactic nuclei have long been recognized as pos-
sitions of high energy Dirac neutrinos produced in activeSible sources of high energy signdls0], being the most
galactic nuclei(AGN) (reminiscent of the ones proposed as;Ium|r11ous objectsé in the8 Universe. They havg luminosities
solutions of the solar neutrino probldi—6]). The presence anging from 16° to 10°° erg/sec, corresponding to black

0
of such resonances alters the expectation of the neutrino fi}0!€ masses of the order of M, to 10M,, on the natu-
on earth. In our calculations we will consider magnetic, mat7@ @ssumption that they are powered by Eddington-limited

ter, and gravitational effects. The latter are introduced usin gggigognovr;g)rg% blz;s;noeﬁ' -Pr?c?thsgcl)znca?wl dagiﬁggg{]z?mdel
the standard couplings of neutrinos to gravity; we will not . y ! ' '

consider possible effects of the modification of the equiva.S used in most of the calculations of the neutrino production
| P 71 in thi q in central regions of AGN9,13,14. According to this sce-

ence principlel7] in this baper. . ._nario, close to the black hole the accretion flow becomes
The search for such high energy neutrinos by the neumngpherical and a shock is formed where the ram pressure of

telescopege.g., Deep Underground Muon and Neutrino De-ine accretion flow is balanced by the radiation pressure. We
tector (DUMAND), Antarctic Muon and Neutrino Detector | follow this model even though it is only approximately

Array (AMANDA ), (NESTOR, (BAIKAL ), etc.,[8]]which e “considering that we will be looking at rotating black
are under construction necessitates a clear picture of the e¥y|eg.

pected neutrino fluxes from these objects. AGN are by far 11 gistance from the AGN center to the shock, denoted
the strongest sources of ultrahigh energy neutrinos in thgq he shock radiu® (= a few Schwarzschild radiicon-
Universe, producing fluxes expected to be detectable on thgjng the central engine of AGN. The shock radius is param-
earth with present technolog§]. These objects are believed etrized[11,19 by R=xr,, wherer is the Schwarzschild

to be fueled by the gravitational energy of matter accreting 4 iys of the black hole, andis estimated to be in the range
onto a supermassive black hdl&0’M to 10°Mo) at the ot 10 19 100[9] (which is consistent with the available data
AGN core, where gravitational energy is converted into lu- 15)).

minous energy through the acceleration of high energy pro- The matter density at the shogkR) can be estimated
tons [9]. This environment exhibits copious production of ¢o5 the accretion rate needed to support black hole lumi-

hadronic and subsequent leptonic high energy by-productggity and from the radius and accretion velocity at the
such as neutrinos. shock[9]

The paper is organized as follows. We start with a brief
discussion of an AGN model and the mechanism of high s 1 1
energy neutrino production in iSec. 1). In Sec. Il we p(R)=1.4x10°% > 15\Q™* glen?, (1)

whereQ(x)=1-0.1x*3!is the efficiency for converting ac-
! eft-right transitions can occur as a gravitationally induced co-Cretion power into accelerated particles at the sijaek and
herent precession, as investigated by Cai and Pajdhi,it is in L agn IS the AGN continuum luminosity in units of erg/sec.
general quite small. In this model the matter density falls off as
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-312 Il. DIRAC EQUATION IN CURVED SPACE-TIME AND
pl(r)=p(R)(ﬁ) , I>R. 2 NEUTRINO OSCILLATIONS

We will study the possibility of neutrino oscillations be-
Acceleration of protons is assumed to occur by the firsttween different flavors and spins in the environment of a
order diffusive Fermi mechanism at the shqdi2]. Energy ~ strong gravitational field. In this paper we consider, for sim-
losses during acceleration occur throygh collisions in the  plicity, the case of two family flavors only. We will also
gas? and also through they—p+e’+e™ andpy—N= restrict ourselves to the case of Dirac neutrinos interacting
processes in the dense radiation fields present, mainly in tH@inimally (as described by the equivalence principleth
central region. All these reactions give rise to high energythe gravitational field.

neutrinos through ther"—u*—e™ decay chain9,11,16— The outline of our method to compute neutrino oscilla-
18]. These neutrinos are expected to dominate the neutrinéons is the following. Starting with the Dirac equation in the
sky [9] at energies of 1 TeV and beyond. presence of a strong gravitational field, we use a semiclassi-

Since neutrons are not confined by the magnetic fieldcal expansion to different orders in the relevant parameters to
they are free to escape from the central d&leBut neutrons determine the effective Hamiltonian for positive momentum
can also produce high energy neutringa np andnvy col- states. We look in particular for the lowest order off-diagonal
lisions. The conclusion of Ref9] was that neutrons with terms that could possibly induce gravitational neutrino oscil-
energy less than approximately®10eV do escape the cen- lations, including the effects of magnetic fields associated
tral core. On the other hand, Stecketral. [19] found that  With AGN. Once the Hamiltonian is obtained, we analyze the
secondary neutrons will not in general escape the shock rgossibility of resonances depending on the neutrino mass,
dius, and argue that a significant amount of power is geneienergy, and angular momentum, and the black hole mass and
ated through'y interactions. However, according to them, angular momentum. The different neutrino transitions and
confinement of nucleons in the central core occurs only foexpected neutrino fluxes are then investigated.
energies beyond-10* TeV. In our study, as we shall see
later, the matter density is irrelevant whatever the status of
neutrons, confined or not.

Magnetic effects around AGN have important astrophysi-
cal consequences. To estimate a value of the magnetic field A. Semiclassical approximation
of AGN which we will use in our CaICUIationS, we look at We start with the Dirac equation in curved Space_time
two specific models. Both these models assume the “equir21),
partition” condition that the external pressure is matched by
the magnetic one. According to Begelman, Blandford, and [iefy*(d,+ w,)—m+IP =0, (5)
Rees[20], a characteristic magnetic fieRl is given by

wheree} are the tetradsn is the mass matrix) is the weak

B 108 interaction current matrix®?_ the left-handed projection op-
B= (M/M )2 G, 3 erator, and the spin connection is

whereM is the mass of the black hole considered. Szabo and
Protherod 9] estimate the magnetic field at a shock formed
by accretion to be

1
0, = gl7a. wle"%ey,, ®

where the semicolon denotes a covariant derivative; we use

B=5.5X 1027Q_1/2X_7/4|-/§01{\12 G, (4)  greekindices for coordinates in the general frame and roman
indices for the local inertial frame. As in flat space, there are
where the symbols have the same meaning as in(B four neutrino states for each flavor that we separate into two
Since the Sh)(/)Ck is the site of hiah ener nzutrino rgduc-States corresponding to neutrinos traveling towards or away
- ) 9 gy neu P from the observer. We call thegmsitive and negativemo-
tion, a good estimate of the value of magnetic field would be ivel
that evaluated at the shock. In the absence of a detailergentum. states, r'especnve Y. : T

- : e . The first step in the semiclassical approximation is to re-
model we will assume that the magnetic field remains apy, . .

) S ; : ace the neutrino spinor by

proximately constant inside a region of size equal to the’
pressure scale height; the average fields of two of these re- s
gions will be uncorrelated. ForL,gy=10" erg/sec, y=e"x, @
M=10°M, andx=10 both of the above expressions give _ ) ) ) _
B~10* G. We will be interested in the vicinity of the horizon WhereS is the classical action defined in terms of the La-
where the pressure scale heightis; . In this region we will ~ grangian density’(x,x) and affine parametdras
assume thaB remains at the above value. Outside the inner

core of the AGN the magnetic field will drop #sressurg2. dx

. (I )
— — My V
S f dl £(x,x), L= —Zgwx X", X= ar (8

2Accelerated protons interact with protons of the accreting plasm4an overdot will always denote differentiation with respect to
to form charged pions. I), and solves the Hamilton-Jacobi equation
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9*9,S9,5=0. 9) spread is determined by the valuesédor which the states
are significantly different from zero, so that-1/p [23].
x is constructed as the solution of the Hamilton-Jacobi equa- Going back to the Dirac equation in curved space,(By.
tion and determines the trajectory of classical particles. after substituting Eq(7), we obtain the equation
In order to proceed further we use the approach described

by Sakita and Tsard22]. If X be the solution to the classical (—eky?d,S+iefy?d,+Vo—m)x=0, (18)
geodesic equation for massless particles, that is, the classical
trajectory, a new set of local coordinates where
{1,64, A=123 (10
Vo=iy%ehfw,+IP_ (19
is chosen such that
XE=XFE(1)+ vi(1) Er (1) andw, is defined in Eq(6).
We make a double expansion gffirst in powers of and
Herev4(l) solves the variation equation then in powers of PR, as follows:
aL d oL
it B e = — O (DAL g2
‘9A((axu al ((7)(#)]‘50 0 (12) x=x"+xn§7+0(€9),
to O(&%). The functionsx+ v,&" solvesS=0to second order  y¥=Uy+Up+ U+ U,~(pR)™"

in £ and so describépproximately a bundle of neighboring
geodesics parametrized by thé; the values of the deter- L
mine the separation of a given geodesic in the bundle from  ¥»=03,1,..., (20)
the reference geodesi#(l).

The semiclassical momentum is defined as

Pu=—d,Slx—x 13

_ 3
where the derivative is with respect to the end point. The v=13.2,....
solution to Eq.(9) is, to O(&?),

X' =Via+VapptVoat- 5 V,a~R YpR,

1 1 We substitute these expressions into the Dirac equation
S=—p HEA—Z( T p v vP+=N A¢B (140 and make a double Taylor expansiongrand 1/pR) and
Pural =3\ LopPurarb+3Nas | €74 19 demand that each term vanish separately. In the perturbation
we choose the mass to lme~ (p/R)Y2 This is for conve-
nience in defining the perturbation expansion in an effort to
look for the lowest order off-diagonal terms that might cause

wherel“_’;p are the Christoffel symbols evaluatedxat x, and

— MY
Nas=vavedy- (19 gravitationally induced helicity flips of neutrinos. For the
From the geodesic equation obeyedp#yit follows that ~ lowest possible magnitude of the mass, iras-1/R, there
(see Appendix A are no off-diagonal terms in the Hamiltonian.
The result is the following set of mixed equations for the
P, VA=Ca=CONSt. (16) spinorsUqg,Uq, . . . .
To O(&),

In the following it will prove convenient to define a timelike
vectorp# which is the component of momentumorthogo-
nal to thevk: namely,

pt=p“—ca(N"H . (17

pUp=0, pUq,=mU,

i . _
pU,+ o Uo+iYAV Ao+ VoUg—mU, =0, (21)
B. Effective Hamiltonian

With the above preliminaries we are in a position to 1 _
evaluate the effective Hamiltonian for the neutrino system. PUsot — U+ iY2Va0 o+ VU~ mU; =0,
In order to make a systematic expansion let us défine be P
the scale of the metric, so that, for exampilg~1/R; and let
p be the order of magnitude of the momentum of the neutriwhere
nos. We imagine a localized wave packet of extensjon
propagating freely through a region of siB where the
gravitational field is essentially constant. The uncertainty re- YAZ(Nl)AB< V.8
lation requires that a change in the momentum is relatd to
via Ap~1/R. This in turn implies that the angular spread of
the wave packet is given hy6=Ap/p~1/(pR), so thatina (the overbar represents variables evaluated on the geodesic:
distanceR a wave packet spread®\ 0~1/p. But this spatial x=x). To O(é),

C _
- %) % 22)
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PVia=XaUg, BV3o a=NaU1s, (23 Nca=(€r,,—€r,)erey, n?P=diagl,—1,-1,-1).
(33
where
X=1NAgYB—€Z p VYR, (24) In order to determind_f,‘v we note that in theest frame of
avs the accreting matterit takes the form J&I;ye:GF(ZNp
From Egs.(21) and(23) we obtain —N,)/v2 and J{,, = —GgN,/v2, whereG is the Fermi
T
iU.=0OU coupling constant antl, andN,, are the proton and neutron
0 0 25 number densities, respectivelgnly the zeroth component is
_ im m— (25 nonvanishing in this frame In the neutrino frame used
iUyz=OUyp— — YAV A — = VoUo above this becomes
where Ge Ge
a — a a — a
o, =— (2Np—Npu?, Iy, =—— Nyu?, (39
1 mz - i Wivg ‘/2 p n W; “ ‘/2 n
= — — + - + — A i
o > Vo 2 2p, p > Y KA (26)

_ whereu? denotes the four-velocity of matter in the chosen
It is now possible to reduce these equations to a Stthger-  |ocal inertial frame. In the model considered, matter is ul-
like equation(as shown in Appendix Binvolving only x, trarelativistic [11] (within the region of interegt so that
which reads u?=0.
Finally,
|X=(O—§VO)X. (27
1__ PcPLd 1
@b:E e,LaL;lLeaCd p2 + E

?_,_ 1 eacde,y—d
The above equation describes a set of states which are almost w2 cae

pairwise degenerat@lue to the conditionpy=0); the effec- b b b
tive HamiltonianH 4 for the positive momentum states is | o PaP " PuaP —papi)
obtained using degenerate perturbation theory. Denoting by a pf '
P . the projector onto the positive momentum states, we find

(39

_ m— In addition to the gravitational effects it is essential to
HeP = P+( O- > Vo) P, . (28 incorporate the effects of the magnetic field associated with
AGN. It is well known that if a neutrino has nonvanishing
It is always possible to go to thel rest frame where magnetia 'mome'nitor transitio_n magnetic moment of dipole
p2=E(1,0,0,0) ancp*=E(1,0,0,1), neglecting the neutrino type) w,,” its helicity can be flipped when it passes through a

rest mass and using’ =p- p, ; in this (local Lorentz frame, re_gion with a m‘?‘g”e_“c field WhiCh ha? a component perpen-
the projector onto positive momentum states is dicular to the direction of motion. This idea has been ana-

lyzed by Okun and co-workel4], and more recently the
P, =diag 1,0,0,. (299  combined effects of flavor mixing, magnetic spin flip, and
matter interactions have been consid€r@8l,26. The inter-
In what follows we choose frames where the momentum hagction with the electromagnetic field stems from a term of
the form given above. In Appendix C we show that, with the form
these previous considerations, E(&7) and (28) lead to

- . ab
Hep=ia+im2—p-JogPL +mO 7, (30) poFanth (36
where a is spin and flavor diagonal and has no observablgF,, is the electromagnetic field tensor and®= [ y2,7°])
consequencesThe effective current is to be added to the left-hand side of E#); just as in the
A = = above references only the electric and magnetic fields in the
Jer=Iw—Jg - (3D  direction orthogonal tp, contribute. Denoting b’ andB"

— . ) ] — . ] the components of the electric and magnetic fields, respec-
HereJyy is the weak interaction currenlg is defined as tively, in the frame wherep?=E(1,0,0,1), and using Eq.

2p P (36), we find that the effective Hamiltonian is modified ac-
Jg:E eabedy d( 7]{)+ pzpi) (32) cording to
4 ¢ pt

and ) ) . .
40Okun [24] pointed out that the manifestations of an electric di-

pole moment and magnetic dipole moment are practically indistin-
guishable for a highly relastivistic neutrino. For simplicity, the term
3An imaginary contribution tax would signal a decrease in the “magnetic moment” will be used in this paper to represent the
overall neutrino flux and is also unobservable. combined effect of an electric and a magnetic dipole moment.
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~ ~ 0 Or 1% 1%
Heff—>Heff+:U~\/pJ_'p(Q 0 ), o o
. d VML -~ VML
I = =H¢ (38
di Veg Veg
Q=(B'-E?)+i(E*+B?), (37 . .
MR KR

whereu denotes the magnetic moment matrix &fdandE2 whereH . is the 4x4 matrix (30), containing the effects of

denote the magnetic and electric fields measured by a locall he weak and_ gr_awtatlonal Interactions and the effects of
inertial observer lectromagnetic field. An order of magnitude estimep-

. . . ) . ported by explicit computations for particular metjishows
We consider two generations with four-component Dlracthat the® terms[Eq. (35), off-diagonal terms due to gravi-
neutinos. Here we examine thg-v, system. The same can

be d for th ¢ Using the chiral b tational effect$ in the effective Hamiltonian are negligible
€ done for theve-v, v,-v, SyStems. Using the chiral bases ., npared to the effects of the magnetic field for all interest-

Veur Vi Ve Vg WE CAN write the evglution equation for g cases(see Sec. Il D. The gravitational effects in the
neutrino propagation through matter in the presence of a@iagonal elements, however, are very relevant. The final ex-

strong gravitational field as pression for the effective Hamiltoniay is
|
—p- I+ AmISintd $AmZ.sin29 Eued*  Epe,
~ 2 o Vi 1A 2 * Ew,,Q*
Hoq= #Am7,sin20 —p-Jgi+3Amicosy EM%eQ | 39
Enee) EMe,uQ 0 . 2
Eu e Eu Q) 3Ami,

where 9 is the neutrino mixing angle] is given in Eq. 1, (p-u)
(31), E is the energy of the particle, arfdl is defined in Eq. —EAmlzslnzﬁJr GeNptp-Je=0 (v, —v,)
(37). Note that, becausrz'eR and Vg are sterile, i.e., do not (42)
interact electroweakly with matter, they can be considered
vacuum mass eigenstates. 1 (p-u)
EAmi;_,cos?m Gr(2N,—N,)—p-Jg=0
C. Resonances (VeL—’ V/.LR)’ (43

Using Eq.(39) we can determine the AGN regions where
resonant transitions occfi@ phenomenon reminiscent of the
Mikheyev-Smirnov-WolfensteifMSW) effect[4,6] ]. These
resonances are governed by the2submatrices of Eq39) (Ve —Ve). (44
for each pair of states. -or

The five possible resonances are obtained by equating ths will be shown in the following section the matter effects
diagonal terms for each submatrix and give rise to the rescare very small compared to the gravitational effects, which
nance conditions makesJ; dominant whenever presefthis makes irrelevant

1 the precise value dfl,, for the case$41)—(44); only for the
EAm§ZCOSZI9+x/E(p~u)GFNp=0 (VeL—> VML), (40) gﬁalv resonancé4,6], Eq. (40), is the matter density impor
In order to determine whether the above resonances in-
duce significant transition probabilities, we consider the cor-

1, p-u responding X2 submatrices in detail. Each of these can, by

>4 micos 9 + w3 GeNp+p-Jg=0 (v, —vey), a suitable subtraction from the diagonal term, be cast into the

41) form

1, . p-u
—EAmlzslnzz%L "3 Gr(2N,—N,) —p-J=0

(45

d b
b —-d/)’

Note that the left-hand side involves differentiation with respect ) L
to the affine parameter which has unitsif2, the units of length whered is related to the matter and gravitational part énd

being E L. ThereforeH o« has units ofE2 which differs from the 0 the magnetic field; their explicit form is

usual units of the Hamiltonian. b=Eu,Q, d=—p-Jert+(Am? term), (46)
5We will ignore multiple resonances which occur whenever three

(or foun diagonal elements coincide; such resonances can occwhereE, w«,, and(Q are, respectively, the energy, magnetic
only under very restricted circumstances. moment of the neutrino, and electromagnetic fidde Eq.
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(37)]; the “Am? term” depends on the specific<2 matrix TABLE I. Approximate values fom? terms.
and can be easily obtained from E§9); it is always smaller
than|Am3,. AmiLosd (eV)  Amisind (eV?)
Resonances occur whah vanishes, in which case the _10 T
transition probability is well describedfor sufficiently vacuum[29)] 10 6 10,8
slowly varyingd andb) by the Landau-Zener approximation Solar small ang|¢29] 10 10
[27] y varying y P Solar large angl¢29] 10°° 1076
At. neutrinos[29] 1073 1074
B2 LSND [30] 1 1073
P,_Z=exp[ — 22 ;], (47
where EunQ)
B=Dlres;, a=d|rs. (48)
The condition for these resonances to induce an appreciabignherefore, in what follows, we will neglect th@ term.
transition probability is The values for|Am2, corresponding to different sce-
narios of neutrino oscillation are shown in Table 1.
o
B> 57 (49) The MSW resonanceg0) correspond to
The presence of a magnetic field can also induce coherent Am?,~10"%Ep, (59

precession of the states, which has been studied in sufficient
detail in[24]. The condition for this to occur is, for slowly

varyingb andd in Eq. (45) which, sincep<10* eV* andE<10'° eV (in order to get an

appreciable flux corresponds toAm?<107 % eV2 Thus,

m aside from these extremely small valuthge usual MSW sce-
— R=21, (500  nario does not take place

Sincep~E, neglecting the weak current part,

whereR is the magnitude of the region where the magnetic
field is coherent. In this case the transition probability is E
P-Jet ~ r_ (56)
1 p? g
Pprecz 2 b2+ d2?" (51
For a typical value of energii~1 TeV, beyond which AGN
which is significant wherb>d. So, while the presence of a neutrinos start dominating the sky, anédvlozo—lol4 ev?
diagonal term requires a shorter distafit¢o generate rap- (M=10"My-10*M), p-Jes ~1078-1072 eV2: The or-
idly varying phases, the very same effect decreases the traders of magnitude from Table | show that values/ofy®
sition probability: neutrino interactions with matter or gravi- corresponding to the solar and atmospheric entries would

tational effects effectively quench spin precesdi2al. undergo resonances in the vicinity of the black hole. Larger
values of the mass differen¢such as the Liquid Scintilla-
D. Estimates tion Neutrinos DetectofLSND) entry in the tablé would

The orders of magnitude for the weak and gravitationalrrees\%?itr? grr(ljlgr ag) s;]%rygcigg]ypé?;%?é (ragsec:gfl;ic)gv?orlgtt)mo_
currents are, from Eqg34) and (32), spheric and LSND30] values we need even more energetic
Gep neutrinos(_~102 and ~10° TeV, respectively. A point to
Jw=—-~10"3p ev'l Js~R71 (52 note here is that all resonant transitions do not occur simul-
mp taneously, as can be seen from E¢€)—(44). At fixed con-

wherep is in units of eV'. According to Eqs(1) and(2) the ditions, for instance, the transitions( —ve.) and

order of p for typical cases is T6-10f eV*. Clearly, from (Ve — Veg) cannot both be realized together.

above and takinqR~r, the gravitational current part is In order to determine whether the above resonances in-
found to dominate the weak current part for all relevant val-duce large transition amplitudes we will need to estimate the
ues ofry (10" to 10° eV Y. magnitude of). The models we consider all assume that the
The order of magnitude for them® term in the Hamil- magnetic field is determined by the “equipartition” condi-
tonian will be (considering thay#~R*1) tion [9] that the external pressure is matched by the magnetic
one. The scale height for the pressure~is; and so we
mb~mR*1~mr§1. (53 expect the magnetic field to be uniform only through dis-

tances of order; on larger scales it will vary randomly. As
If we compare this term witlE u () for typical valuesE~1  we mentioned in Sec. |, the value of the magnetic field
TeV, Q~10* G, r,~10' eV, for a very small magnetic within these “coherence patches” j€|~[B|~10" G. Let us
momentu~10 %4 and neutrino massi~1 eV, we get now define the scale height for the effective current terms
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where

dl
=‘ : (57)

d(ln p'Jeff)

which has units of the affine parameterThen a~Am?/A
and the conditior{49) becomes

A=r?—rgr+a® p?=r?+a’cosé. (63

This metric depends on two constant parametéranda,
whereM is the mass of the black hole aads related to the

1 | Am2 |22 angular momentum by the relatikryy=ma; r is given by
gy p LS (59 ry=2M in geometrized unit§c=G=1). For a=0 the Kerr
" EB|27°A min metric becomes the Schwarzschild metric in the standard
form.

Resonant transitions will occur then if the relevant magnetic \ve now consider the motion of a particle of massn a

moment (or transition magnetic momentsatisfies this  kerr field” The Hamilton-Jacobi equation is fully separable
bound; this constraint depends, through on the type of i this casd32]. Writing the actionS as
metric and will be studied for some cases of interest in Sec.
IV below. Note that we have assumed that the magnetic field S=—-Et+Lo+S(r)+Sy6), (64)
remains constant over an interval of magnituda.

Within this estimate the condition for coherent preces-WhereE is the energy and the angular momentum of the

sions, Eq.(50), becomes particle, we obtain two ordinary differential equations
Am?r 2 ds,\? : L\ 3
(,uBrg)2+ 941] a2 (59 (W +| aE sma—m +a’m?cog6=K, (65
and the transition probabilit$51) becomes large provided (d_? -3 (FPE+a2E—al)®+mir2=—K, (66)
1 AmPry orec
M= Br. E | HMmin> (60)  whereK is a new constant of motion. The four-momentum
9

of the particle is then

which is the condition for coherent precession to generate a L — auE/

significant number of helicity flips. _ pa:( Yo 'E,y1 1S v5 iS), =" 9055900 (67)
Comparing the different magnetic moment expressions k

obtained above, we get

where
prec 2.\ 12 2.\ —1/2
phe [Am rg> (Am rg) 2
omin_ + , 61 Y03
Mipin ( E E G Yo= V9o Yi= Vi k2=g—33—g33. (68)
which implies uf>=2u/%> for any value OfAerg/E' Our calculations involved a set of tetrads in which the mo-

Though realistic calculations would require an accuratémentum takes the forrp®=E(1,0,0,3. The corresponding
profile for the magnetic field, the above results do provideetrads are

useful order-of-magnitude estimates of the relevant quanti-
ties. We will use these expressions in Sec. IV B to estimate Yo 0 0 7

the possibility of transitions of each type. i 0 Y1Cy 0 ks,
© 0 —7SgSa  72Cg KksgcC, |’
IV. NEUTRINO OSCILLATIONS IN A KERR 0o - Y1Cp Sa  — ¥2Sp kC,B C,
SPACE-TIME
. . . . where
In this section we will apply the formalism developed to
the interesting case of a Kerr black hole. s,=Sin@, C€,=cox, (69
A. Hamiltonian for the Kerr metric and similarly for 8; « and 8 are the polar and azimuthal

angles ofp, in Eq. (67). The angles satisfy the conditions
The gravitational field of the rotating black hole is given 9 Pa a. (67 9 b

by the following axially symmetric stationary Kerr metric

[

2

p p
31 tane=—-—, taB=- —————. 70
. LN v A
Tol| o P” o 2.0 ; - ;
ds’=|1— 7 dt°— N dre—p-déo Using the above relations we get an expression for the effec-

tive Hamiltonian for the Kerr metri¢30). We use this to

rgraz look at resonances in the next section. The explicit expres-

r’+a’+ P sinza)sinze d¢?

n 2rgra sirte de dt, (62) “Included only for completeness and to define the notation used

later.
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sion of the various terms in the Hamiltonian is quite involved
(we include a brief description of such terms in Appendix
D); here we present the results of numerical analysis of the
expressions.

As a limiting case of the previous analysis, we consider
the limit a—0, corresponding to a Schwarzschild black hole.
The neutrino geodesics lie on a_plane which we take as the |, |£] 0
0=ml2 plane. We then obtaip,J3=0 and the effective -2

Hamiltonian reduces to -4
= 1 EXR (o o)+ (o Q* -
et =3 M~ "=———19 1/7#a o)
2 Vi=rglr
where we assumed the absence of matter currents and where 3

m and p denote the mass and magnetic moment matrices,
respectively. Thus, except for a factor/1/—r4/r which is

important only forr~r,, the above expressions reduce to
the flat-space situation. In particular, there is no gravitational Figure 3 illustrates the dependence of the funcfidor a

contribution to the diagonal elements. One can also easil if | I | K i
determine the off-diagonal tern@b in Eq. (35), which give ﬁp:e(c):léllrc value ofr, ) on allowed values ofj,k) and taking

a contributionmL7,/(2Er?) to Hy4 (7, denotes the usual
Pauli matrix. As mentioned previously, these terms are neg-,
ligible for all cases of interest due to the factorrofE. .

FIG. 1. Plot of Inf| [see Eq(73)] for the casg =0.4, k=0.15,
alr4=0.4, andM = 10°M .

Resgnances occur provided is comparable to
AmZ,co$9 ry/E or AmIsintd r /E, as can be seen
from Eqs. (41)—(44). As an example, we can analyze the
case of energf~1 TeV, r,~10' eV, and consider the
B. Resonances for the Kerr metric solar large angle solutiolym3,~10"° eV2 Comparing this

We need to determine whether resonances are possible fth f from Fig. 2, we find that it corresponds to contaur
the vicinity of a Kerr black hole. For a rotating black hole the We conclude then that resonances occur in the vicinity of the
spin flavor transition is due to the transference of orbitatAGN for this choice of energies. In the same way it can be
angular momentum to spin angular momentum and also du@ee?_that resonances are present for all the given values of
to the transference of the black hole’s angular momentum t&M" in Table I, all relevant black hole masses and angular
the neutrino spin. To determine possible resonant behaviofomenta, and all neutrino energies above 1 TeV.
we will find the regiongr,6) where each of Eq$40)—(44) is It is also of interest t_o_ determl_ne t_he energy de_pen(_jence
satisfied as a function of the paramet&s  K,a, andrg. of the resonance conditions, which is presented in Figs. 4
We will do this for different values ofAm?, and mixing and 5.
angle. We choose normalized parameters

= k « (72 e
1=z K=E—=72
Erg (Erg) 15
for a neutrino obeying Eqg65) and (66). It is easy to see \
that p- Joz can be written(neglecting the matter termsn 12.5 e
terms of the energy and Schwarzschild radius in the form
10
|p-Jerl =Erg ' (r/rg,0.j.k,alrg). (73 “
In Fig. 1 we show Iff| as a function of(r,6), for an 7.5
allowed value of the paij,k), where an angular momentum a &
(a=0.4r ) has been chosen for the black hBlialf| in Figs. 5
1, 4, and 5 represents the natural logarithm. We have plotted .
the magnitude op- Jo« in an effort to give a clear picture of 2.5 c
how resonances take place in this particular metric. It is to be Fw\/;_lo\;ﬁ
borne in mind, however, that all resonance transitions do not 0 a
occur simultaneously. Figure 2 presents theontour plots 0 0.5 1 1.5 2 2.5 3

under the same conditions as in Fig. 1.

FIG. 2. Contour plot off [see Eq.(73)] for j=0.4, k=0.15,
8A realistic analysis of accretion onto black holes must account/r ;=0.4, andM =10°M,. The contoursa, b, ¢, d, ande corre-
for the fact that the central hole is quite probably a Kerr black holespond, respectively, td(a)==1, f(b)=*10"%, f(c)==1072
with angular momentum parametar only slightly less than the f(d)==1073, andf(e)=+10"*, where positive values take place
gravitational mas$33]. for 0<#<m/2, and negative ones far/l2<6<m.
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FIG. 3. Plot off [see Eq(73)] for r==6ry, 6=m/2, alr;=0.4,
andM=10°M.

4

E (TeV)

10 0-5

For fixed values of,k,r and 6, the functionf depends
linearly on the energ¥.

In order to determine the values of the magnetic moment
which will allow for these resonances to induce large transi-
tion probabilities, we defined the quantinfsy, in Eq. (58).
This is plotted in Figs. 6 and 7 for some representative val-
ues ofAm? andE and for a magnetic field of 10G.

The resonances which we described above will induce
large transitions provideg, is larger thanu/S> for the ex-
ample considered this corresponds 4&110’[1]3—10’14),uB
(where ug denotes the Bohr magnetorThe above require-
ments lie comfortably inside the direct experimental bounds
(u,<10 %) [34] as well as the astrophysical limits
(w, <10 'ug) [34], and such values for the magnetic mo-
ment are consistent with a wide variety of modg3s]. In
view of this, the above resonances will induce significant
transition probabilities whenever the resonance conditions
(40)—(44) are satisfied.

The minimum oful9 w5 in Eq. (61) [note that Eq(61)
involves only an order-of-magnitude calculation where
|f[~1, Eq.(73)] corresponds tam?’r //E~1, and therufs’
is comparable tusy ; for E=1 TeV andr ,~10® eV~ " this

FIG. 4. Plot of Iff| [see Eq(73)] as a func-
tion of r and E for the casef=a/4, j=0.4,
k=0.15,a/r;=0.4, andM = 10°M, .

FIG. 5. Plot of In|f| [see Eq(73)] as a func-
tion of @ and E for the caser =6rg, j=0.4,
k=0.15,a/ry=0.4, andM = 10°M, .



1596 DARDO PIRIZ, MOU ROY, AND JOSEWUDKA 54

flux will decrease by a factor of 1/2, but we can expect as
many 7 neutrinos.

V. CONCLUSIONS

The evolution of neutrinos in an AGN environment is
susceptible to gravity-induced resonances. Such resonances
20 would induce various spin and spin flavor transitions when-

ever Eqs.(41)—(44) are satisfied. We have shown that such
15 conditions would be expected to be satisfied for the currently

L7
R
20

s
04.‘

03
2
000

'90

&

4 S
,3; SR

e

6%

%
o6

= ngﬁm, &) accepted AGN models and for various neutrino parameters
S N 10 r currently used in the literature.
1 ""‘%‘4@"35:-;5;;?;:5;' Because of the lack of precise modeling of the AGN mag-

&
&

R
5

e
£
K

netic field(e.g., is the field dispersed or is it concentrated in
flux tubes?, and lacking a better understanding of the pa-
3 rameters in the neutrino system, it is impossible to determine
unambiguously whether such resonances would in fact occur
FIG. 6. Plot of 18%uf5, [see Eq(58)] for the case\m*=10"°  jn a given AGN.
eV?, E=1TeV,|=0.4,k=0.15,a/r;=0.4, andM = 10°M,. Using the estimates for the magnetic fields, and approxi-
mating the gravitational field by the Kerr metric, the various
corresponds taAm?~10"% eV?, which are the parameters values forAm? we use do lead to resonances of the type
used in Figs. 6 and 7. Explicit calculations show thdf;  (41)—(44). The corresponding transition probabilities will be
>ures whenever|f|>1, which at resonance corresponds tolarge for a sufficiently large magnetic moment. Each reso-
Am?rg/E>1. The transition efficiency is greatest for the hance will occur at a different place along the neutrino tra-
minimum value of the magnetic moment and corresponds tiectory; Figs. 1-3 show that essentially all neutrinos pro-
the spin flip in vacuum. duced near the AGN core will traverse regions where all four
In order to estimate the effects of these resonances on tH@sonance conditions are satisfiggdr the neutrino param-
neutrino fluxes on Earth we note that neutrinos are expecte@ters under consideratipnSuch resonances induce large
to be generated mainly through the—u—e decay chain, transition probabilities for a wide variety of neutrino masses
implying that we can expect twice as many muon-type neuand energiegprovided the neutrino magnetic moment is suf-
trinos as electron-type neutrinos. A negligible numberrof ficiently large.
neutrinos are produced in an AGN environment. Even We do not expect resonant transitions to be 100% effec-
though the above calculations were done for the case of twtve, whence the neutrinos will tend to populate all available
species, we expect the same results for the case of thré&ates. Lacking detailed knowledge of the AGN environment,
species: resonances will occur for all possible transitionsbut relying on the fact that all resonances are viable, we can
Such resonances will tend to “spill over” the neutrinos from only estimate that all such states would end up by being
the highly populated states into the less populated onegqually populated. This, of course, depends on the masses of
evening out the neutrino numbers in all states. It follows thatthe neutrino  states. For very small values afm?,
with these simplistic assumptions, the muon-neutrino fluxAm?<10™*° eV?, Eq. (40) will be satisfied and MSW reso-

will be decreased by a factor of 1/4 and the electron neutrinéances will occur; the other possibiliti€d1)—(44) can be
realized, but now farther from the AGN core where the esti-

mate of the gravitational field is less reliable and where mat-
ter effects can no longer be ignored. We will not consider
this (very complex possibility further in this paper.

It is interesting to note that fakm?>10"1%eV?, the reso-
nances described in this paper are not related to the MSW

 —
="\

\\\\\‘\\\:\:\?‘ L resonant flavor oscillationsvhich are sg_ppressed in this en-
‘f"’/’?"”’:\\\‘\\\g\\ ‘1 4 V|r02nment10 dutza to the low densmes. present unless
”J\Q\\\\\\\\\\\\\\\\‘\‘ Sl Am _<1Q’ eV~ see Sec. Il B, but to the_lnterplgy of the
0 1 : ‘\\\\\\&\\\\}\\\ \Qt\t%\g\\\\é\\\\g\s " gravitational and electromagnetic interactions with the mass
0.5 e\k\n&\\é\%& @\;’@g&} /a0 terms. Also, it must be noted that all resonance transitions do
%%‘%%‘&% i not occur simultaneously, as can be seen by studying Egs.
%% &&@g}iﬂ 30 (40)—(44).
@&&%ﬁ}:{ﬁ?’ k Noting that the AGN neutrinos travel through cosmologi-
‘g@;@%ﬁiﬁ%@; - cal distances before being observed on Earth and taking the
. g 10 matter effects to be negligible on the way to the Earth, one
J might argue that the vacuum oscillations generated by the
0 nonzero mass matrix would produce identical effects to the

ones considered here. For a distance of approximately 100
FIG. 7. Plot of 1843 [see Eq(58)] for the caseAm?=10"®  Mpc (a sensible distance to AGNvacuum oscillations occur
eV2, E=1TeV,r=6ry, f=mn/2, alr,=0.4, andM = 1M . for Am?<10 1° eV? for 1 TeV energy neutrinos, which is
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restrictively small. The effects of a cosmic magnetic field APPENDIX B
(the typical value of galacti€37] and galactic clustef18]
magnetic fields is of the order of 10 G; the intercluster
magnetic field is<10 ° G [39]) can, of course, induce rap-
idly varying phases in the neutrino states, but the transition } } im m—
probability (51) is nonetheless small. iUoFiUy=O(Uo+ Uy~ 5 YAV1A— 7 Yolo-

In our calculations we have chosen a rapidly rotating (B1)
black hole @=0.4r,). This assumption is based on the con-
clusions of Ref[33]. For lower values ofn the conditions  But, from Eq.(20),
under which the resonances discussed in this paper can occur I -
become more stringent. For the extreme limit of a Schwarzs- iUg+iUyp=ix+O(LR?),
child back hole, transitions are expected only in the immedi- . ) (B2)
ate vicinity of.the horizon. o _ 'm YAVIAZE YA9,x+O(L/R?),

In conclusion, we can say that gravitationally induced 2 2
resonance transitions are the most important processes which . :
can generate effective spin flavor con\F/)ersion Fi)n active galac"Zlnd therefore by reordering terms in Eg1)
tic nuclei. The precise expressions for the flux to be detected
at Earth-bound neutrino telescopes depend, of course, on the [
details of the AGN model. We have shown, nonetheless, that
for a very wide range of neutrino masses and even with veryhere® is given by
small magnetic moments, neutrinos will undergo resonant
transitions. In their trip through the AGN environment the
neutrinos can experience several such transitions, which
tends to even out the population of all neutrino states. On
one hand, this decreases the expected flux of electron arih€ second term in EqB3) describes the spreading of the
muon neutrinos; on the other hand, it dramatically increase¥ave packets and is not relevant for our discussion. We
the number ofr neutrinos of energies of 1 TeV and above. therefore ignore such terms. The final equation therefore
This provides strong motivation to search for sucheutri- reads
nos with the existing neutrino telescopes, and the recently Lo
proposed 1 KM3 detectd36]. Even if the magnetic mo- Ix=Ox.
ments are~10 “ug we can expect an observable number
of, for example, 10 Te\r neutrino events; the precise num- APPENDIX C

In this appendix we show how to obtain a Satirmer-
like equation from Eq(25). We note that

m ~
It > YAaA> x=0x+0(1/IR?), (B3)

~ m—
0=0-%Vo. (B4)

(B5)

trinos at that energy. given by Eq.(28), HetP =P _(O—mVy/2)P, , where® and
V, are defined in Eqs(26) and (19). The explicit expres-
APPENDIX A sions are
In this appendix we give a derivation of E(L6). Con- . m? — 1
sider a geodesit,(I) for which the classical momentum 0:'a+7_'pa7’abc‘7bc— Pa| I°= 5 €°%ypeq| P,

is x“=p* and solves the Hamilton-Jacobi equation

g,,p*p"=0. Taking anl derivative we then obtain — i, 1 1, — (CY)
Vo=| =5 ¥ bt5 3% va=| 7 € heat 5 37| vays,
2- _&gaﬁ anpB Al
Pu= gy PP (A \where
. . . _ 1
Expanding x now to first order around the geodesic, Yabe=€ai €L, 0= [2 4P]. (C2)
x*=xF+ v £&M [recall that this expression describes geode- abe™ Falj=bTe 4

sics toO(£%)] and substituting in the Hamilton-Jacobi equa- Using the explicit form ofP, and working in the chiral

tion yields representation for the gamma matrices we obtain

.o 29,

2p, &t + _&xf_ pepPer=0, (A2) P, 2P, =ietciy @ 11 %2& P,
1
where &=p 4. From Egs.(Al) and (A2) it immediately ppd+pipb—pp® ) (€3
follows that PryysPi=| — 7%+ 0’ TP,
L
0= .f’u"‘- f'u:g( f'u) (A3) ab 1 anb b ~a_; _abcd
Pué” T Pue" =gy (Put)- P,o®P = (pIp°—plp*—ie®*Dep, a¥s) P

2p7

Using the fact that thé* are independent dfit follows that ~ whenp®=E(1,0,0,1) and?=E(1,0,0,0). Using these rela-
p.vA=Ca=const, as was to be shown. tions we obtain
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1
Her=ia+5 m?=p-JegPL+ meP°r,, (C4
whereJ is given by Eq.(32) and®® by Eq. (35).

APPENDIX D

In this appendix we show how to calculate thel term

in the Hamiltonian; the metric is given in Sec. IV A. We will

use the following notation:

2
Y03 Jos
Yo=VGoo ¥=V—Gi, K="—-0s, 7=—,
Jas3 Yo
(DY)
along with the tetrads
Yo 0 0 7
o? = 0 Y1Cq 0 ks,
I 0 —v7Sgs, 7vCs KsgcC, |’
0 —7Cgs, —7v:85 kege,
) (D2)
€an™ Mabl,
and
Yo' 0 0 0
L | “KEcasg vits —7v2SaSp —k'c,Ss
€a=| —k=zs, 0 ¥5 1Cq —k~1s,
kKEc,Cs  v1'sg 7va'saCp K 'CucCp
where

DARDO PIRIZ, MOU ROY, AND JOSEWUDKA 54

E = goa(9oodz— 959 - (D3)

With these expressions we constragt. according to
Nabc= (€ay,~ €ay ) €HEC - (D4)

Explicitly,
p-J=p-(IwtJc), (D5)

where the currents are given in E§32) and(34), the weak
current part being negligible compared to the gravitational
part (as shown in Sec. Il ) and

1
p- JG=§E()\132+ N2131+ 3N 321+ 3N 21+ N 1ot A 210,
(D6)

where, for example,

S,S c
B 2 B 2.2
Niaz= |1z (K=CaCprD)drt 17— (K + 500) a2
V1 Y2

S4CaCp
2 (1+Kkecg)dz|ksg. (D7)
The angles satisfy
1 2
D (D8)

tane=— —, tanB=-— —————=.

o o V(pH2+(p%)*
In the expression fok,y, ¢ with i=1,2,3 represent , dy,
and d,, respectively. Similar expressions hold for the other
values of\,p,c, which we will not list.
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