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Resonant spin-flavor precession of neutrinos and pulsar velocities
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Young pulsars are known to exhibit large space velocities, up tkfls. We propose a new mechanism
for the generation of these large velocities based on an asymmetric emission of neutrinos during the supernova
explosion. The mechanism involves the resonant spin-flavor precession of neutrinos with a transition magnetic
moment in the magnetic field of the supernova. The asymmetric emission of neutrinos is due to the distortion
of the resonance surface by matter polarization effects in the supernova magnetic field. The requisite values of
the field strengths and neutrino parameters are estimated for various neutrino conversions caused by their Dirac
or Majorana-type transition magnetic momen80556-282197)03722-3

PACS numbes): 97.60.Gb, 14.60.Pq, 14.60.St

I. INTRODUCTION Wolfenstein(MSW) effect[9]] in the supernova’s magnetic
field. The anisotropy of the neutrino emission is driven by
In this paper we propose a new mechanism for generatinthe polarization of the medium in a strong magnetic field,
large birth velocities of pulsars which is related to the pos-which distorts the resonance surface. According to KS, this
sible existence of transition magnetic moments of neutrinosnechanism requires magnetic fiel@s=3x10"* G. How-
Observations imply that pulsars have rapid proper motiongver, this estimate was recently criticized by Qian who
with a mean space velocity of 45®0 km/s[1]. In particu-  showed that in fact magnetic fiel@=10'® G are necessary
lar, observations in young supernova remnants have identj410]. We will come back to this question later on. An advan-
fied pulsars with velocities up to 900 kmj&]. Such high  tage of the KS scenario is that it is free from the above-
velocities of young pulsars are most probably associateghentioned shortcoming of the asymmetric production
with the supernova event in which the pulsar is born. Manymechanism: the neutrinos carrying the momentum asymme-
different models have been formulated to explain the originy, are free streaming from the supernova and therefore the
of th_ese_velocmes: asymmetric col_lap[_s‘)ﬂ, asymmetry due ._asymmetry is hardly affected by the interaction of neutrinos
to misalignment of dipole magnetic field and rotation axis, i matter. This mechanism is very attractive since it pre-

[4]. 2 runaway star produce(_j by a supernova explosion Ndicts a well-defined correlation between the strength of the
a close binary stdi5], and recoil momentum from the asym- S .
magnetic field and the observed space velocites of pulsars

metric production of neutrinof5] in the supernova’s mag- . .
netic field. The latter possibility is especially interesting [11]. As a followup, |n[12_] the same author_s have _con_5|d-
since neutrinos carry away more than 99% of the supernogred the effects of sterile-to-active neutrino oscillations,

va's gravitational binding energy and so ever 4% asym- where now neutral-current effects are important. Thus, as

metry in the neutrino emission could lead to the observedVas stressed if8,11,13, pulsar motions may be a valuable
recoil velocities of pulsars. However, this mechanism re-Source of information on neutrino properties. One should

quires a magnetic fiel@= 10" G which may be somewhat therefore study all possible mechanisms of asymmetric neu-
too strong for supernovae. It is also possible that the asymi{ino conversions in supernovae that might be the cause of
metry in the neutrino momenta will be washed out by mul-the observed velocities of pulsars.

tiple scattering, absorption, and reemission of the neutrinos 1h€ mechanism that we propose here is similar to the KS
in the core of the supernova]. one—it is based on the observation that matter polarization

Recently, a very interesting new mechanism for the genin the strong magnetic field of a supernova distorts the reso-
eration of the pulsar velocities has been proposed by/@nce surface of the neutrino conversion. The difference
Kusenko and SegrékS) [8]. The idea is that the neutrino 1OM the KS scenario is in the nature of the neutrino transi-
emission from a cooling protoneutron star can be asymmetriion involved: in our case it is the resonant spin-flavor pre-

due to resonant neutrino oscillatiofislikheyev-Smirnoy- ~ €€ssion of neutrinos due to their transition magnetic mo-
ments[13,14] rather than neutrino oscillatiofisWe show

here that our proposed mechanism can account for the ob-
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neutrino transition magnetic moment satisfies=(10"1®  neutrino number density is relatively small in the regions of
—10 ¥ ug, the neutrino mass is less than or about 16 keVinterest to us in supernovae, and from now on we neglect it.
and the supernova magnetic fi@d=4x 10'° G. Notice that ~ Taking it into account would not change our estimates sig-
the required magnetic field is slightly weaker than the onenificantly.
necessary for the KS mechanigt0]. Such large fields are The contributions of the electron spin polarization to the
presently considered possible in supernojEs. neutrino potentials/(»;) were calculated if18—26§. The

If the supernova magnetic field has a noticeable “up-charged-current electron polarization contributiorM,),
down” asymmetry, neutrino spin or spin-flavor precessionwhich we denoted bygy,, turns out to be twice as large as
can affect differently neutrinos emitted in the upper andthe neutral-current one, and has the opposite sign; as a result,
lower hemispheres. As was pointed out by Vologhih this
could also be the reason for the observed birth velocities of c®=cz+cy=cz—2c3=—c3. €)

pulsars. In this paper we restrict ourselves to the case of . . . . .
symmetric magnetic fields; possible effects of neutrino conDuring the supernova explosion neutrinos and anitineutrinos

versions in asymmetric magnetic fields will be consideredf all flavors are thermally produced in the hot central part of
elsewherd 17). the star. They are trapped in the dense core of the supernova

and diffuse out on a time scale 6f10 s. When they reach
PO the regions with density~ 10'-10"? g/cn?, they are no
IIl. NEUTRING POTENTIALS IN POLARIZED MEDIA longer trapped and escape freely from the star. The surface at

In a medium containing a magnetic field the particles ofunit optical depth is called the neutrinosphere. It is located
matter have in general nonzero average spin. This spin péleeper inside the star for, ,v. and their antiparticles than
larization contributes to the neutrino potential energy in matfor ve and v, since the medium is more opaque for these
ter through the neutrino coupling with the axial-vector cur-latter particles, which have charged-current interactions as
rents of the matter constituerjts8—26. For a very lucid and  Well as neutral-current ones. As a result, the nonelectron-type
detailed discussion of matter polarization effects on neutrind'€utrinos are emitted at a higher temperature, about 6 MeV
propagation in a medium we refer the readef26]; here we ~ as against 3 MeV fow, and slightly higher forv, (because
summarize some results that will be relevant for our discusthe medium contains more neutrons than protons
sion and elaborate on some of them. In the supernova environment in the vicinity of the neu-

The contribution of the polarization of the medium to the trinosphere electrons are relativistic and degenerate. In this
potential energy of a test neutring; is of the order €ase[20,23,24,
8Vi(vj)~(Gg/v2)ga(\i)N;. Here Gg is the Fermi con- 3
stant,(\;);, dx, andN; are the polarization along the test Ce:e_GF (3Ne) (@)
neutrino momentum, weak axial-vector coupling constant Y R
and number density of the particles of theh type (i
=e,p,n or background neutringsUnder supernova condi- The effects of the polarization of protons have been calcu-
tions the average spins of electrons, protons, and neutrondted in [23] in the approximation of Dirac protons, i.e.,
are rather small; this means that their polarizations are linedfeating protons essentially as positrdtisough with a dif-
in the magnetic field streng®, i.e., 5V;=c'B,, whereB, is  ferent masg This is certainly not a valid approximation
the component of the magnetic field along the neutrino moSsince the anomalous magnetic moment of the proton, which
mentum. The electron spin polarization affects the potentials Neglected in the Dirac approximation, is even larger than
of electron neutrinos and antineutrinos in matter througtts normal magnetic moment. Also, the strong-interaction
both charged-current and neutral-current interactionsi€normalization of the proton axial-vector coupling constant
whereas forv,,v, and their antineutrinos there are only Was not tak(_an into account. These shortcomings, however,
neutral-current contributions$. The polarizations of pro- ¢an be readily removed. As we shall see, the nucleons are

tons and neutrons contribute to the neutrino potentials in onrelativistic and nondegenerate in the hot protoneutron
medium only through the neutral-current interactions; thereStar during the thermal neutrino emission stage. It is not dif-
fore these contributions are the same for neutrinos of alficult to calculate their polarizations directly using the well-
flavors. known expressions for the Hamiltonian of a nonrelativistic

Thus, one arrives at the following expressions for the neu{€rmion in a magnetic field and for the Boltzmann distribu-
trino potentials in a magnetized medium: tion function. This gives

V(ve)= = V(ve) =V2Gr(Ne~ Ny/2+ 2N, ) b OF g oty o SE g HekNg g
‘/2 A T p» ‘/2 A T n-
+(cyt+cs+cP+cMBy, (1)
Hereu,=2.793 andu,= —1.913 are the proton and neutron
V(v,,)==V(v, ) =V2Ge(—Ny/2+N, ) magnetic moments in units of the nuclear magnegoq
=e/2m,=3.152< 10" ¥ MeV/G, andg,=1.26 is the axial-
+(cS+cP+c")B,. (2 vector renormalization constant of the nucleon. The expres-

sions in EQ.(5) coincide with the results obtained in the
Here N.=N,-— N+, etc., and we have taken into accountrecent papef26]. Notice thatcP, c", andc$ all have the
that the number of muon and tauon neutrinos coincides witlsame sign. For nondegenerate particles, thermal fluctuations
the number of their antineutrinos in supernovae. The electrorend to destroy the polarization, henc® and c" decrease
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with increasing temperatur€. The polarization of the pro- be small provided the degeneracy parameter is not too small.
tons and neutrons in the medium can influence the oscillafo see this, let us rewrite,/c, andc,/c, in the following
tions between the active and sterile neutrinos as well as thiorm:

neutrino spin and spin-flavor precession. However, these ef-

fects have not been taken into account in most of the previ- cP _ p 2B(3 MeV

ous analyses of neutrino conversions in supernd@treeonly C_§~O'2 10 g cm—3Ye T ! ®
exception we are aware of [26]). Probably, the reason for

this was the general idea that heavy nucleons will be polar- ch P 23y (3 MeV

ized to a lesser extent than the light electrons. We shall show —e~0.16( 1011—_3) Vi (T) ©)]
now that this is not quite correct: even though the nucleon €z g cm e

polarization contributions to neutrino potentials are typlcally.l_aking for an estimat¥,~0.2, Y,~0.8, p~ 10 g/cn? and

smaller than that of the polarized electrons in the supernova _ o e .
environment, they are of the same order of magnitude. Morj‘l ajri';ﬂaeti\{),n vgi?fe?:'l[)tiglgb%ut go)ol/c ()Nf?hg el.ee(;créze gllfacrliggtri]on
importantly, as we shall see, for spin-flavor precession meP ° P

diated by neutrino transition magnetic moments of Majorané) rr\]/ec.p;rgeGg(e\l(at/l\\/(e) Fos'}gé%usogsf ?r?utty:(;nzuag?ng\r,ztor?s IS
type, the effects of polarized electrons nearly cancel out, an . ntoen = n—'e P e
ominates ovecP. Similar conclusions have been reached in

nucleon polarization constitutes the main magnetic field ef—[26]
fect on the resonance conditions. :
Let us consider now the degree of degeneracy of nucleons

in the protoneutron star. The degeneracy parameter of non-  !ll. RESONANT SPIN-FLAVOR PRECESSION
relativistic nucleons can be written as IN-MATTER AND MAGNETIC FIELDS

We shall summarize here the main features of the reso-

|K_i|:| 3 (m_’\'T ¥ ~Inl 41 5Y-1(1011 g/crr?) nant spin-flavor precessiofRSFB of neutrinos in matter
T N; \ 27 ! and a magnetic field13,14] and compare them with the
T\ corresponding characteristics of the MSW effg@}; for a
x( (6) more detailed discussion of the RSFP §28.
3 MeV Neutrinos with nonvanishing flavor—off-diagon@tansi-

tion) magnetic moments experience a simultaneous rotation
Here my is the nucleon mass); and «; (i=p,n) are the of their spin and flavor in a transverse magnetic figldin-
nucleon number densities and chemical potentials. When flavor precession29]. In vacuum, such a precession is sup-
=exp(/T)=exp(—|«|/T)<1 the nucleons are non- pressed because of the kinetic energy difference of neutrinos
degenerate, i.e., form a classical gas, whereas in the opposité different flavors,AE,;,=Am?/2E for relativistic neutri-
limit d;>1 the nucleons will be strongly degenerate. In thenos. At the same time, in matter this kinetic energy differ-
vicinity of the neutrinosphere(p~10-102g/cn®, T  ence can be cancelled by the potential energy difference
~3-6MeV, Y,~0.1-0.2 we haved,=<0.08, d,=<0.02, V(vi)—V(v_j), leading to a resonant enhancement of the
i.e., the nucleons are strongly nondegenerate. Therefore tispin-flavor precessiofi13,14. The RSFP of neutrinos is
formulas of Eq.(5) are valid there. In the core of the star the similar to resonant neutrino oscillatiofMSW effect[9]).
densities ar@= 10" g/cn?, and the temperatures are higher, For Dirac neutrinos, their transition magnetic moments cause
too: T=20 MeV[27]. As a result, nucleons are weakly non- transitions between left-handed neutrinos of a given flavor
degenerate there with ~ 1. This means that one can use Eq.and right-handedsterilg) neutrinos of a different flavor. For
(5) only for rough estimates of the nucleon polarization con-Majorana neutrinos the spin-flavor precession due to their
tribution to neutrino dispersion relations in the core of thetransition magnetic moments induces transitions between
supernova. left-handed neutrinos of a given flavor and right-handed an-

It is instructive to estimate the relative size of the nucleontineutrinos of a different flavor which are not sterile.

and electron polarization contributions to the neutrino poten-
tials. LetY; be the number of particles of théh kind per A. Resonance conditions
baryon. TherN;=Y;N, whereN is the total baryon number
density. The electric neutrality of matter implies theg
=Y, (we neglect the nuclei since their fraction is very small
in the region of interest to ysFrom Eqgs.(4) and(5) we get

The resonance condition for a transition between left-
handed neutrinos of thieh flavor and right-handed neutrinos
or antineutrinos of thgth flavor (i,j=eu, 7 or s, wheres
means the sterile neutrings

Ci (ﬂ_> 1/3( Y, ) 1/ N; ( 2 )3/2 2/3 m]2}. m]2}.
— = = — — | — i\ i
C; gaMi 6 Ye 2 \mT V(v )+ E—V( VjR)+ 2E" (10
\ 13y, \ 13 . . . —
—gau _) _I) d23. @) For antineutrinos of theth type V(v;g)=—V(»;. ). Mean
AT 6 Ye : potential energies of active neutrinos and antineutrinos in-

cluding matter polarization effects are given in E@b.and
With increasing degeneracy, the relative contribution of the2); for sterile neutrinod/(v¢)=0.
nucleon polarization increases. However, even in the nonde- The resonance conditions for various RSFP transitions
generate case the nucleon polarization contributions may natan be written in the following generic form:



6120 E. KH. AKHMEDOV, A. LANZA, AND D. W. SCIAMA 56

TABLE I. Summary of the parameters that enter into the resotant contributions come from the polarization of nucleons in
nance conditior(11). the magnetized medium. As was demonstrated in Sec. I,
they are quite sizable and can be comparable wfith

No. Transition Neft Ceff Am? In [12] it has been claimed that the potential of electron
1 Ty N, — N, 2(cP+c) m2 — m? neutrjnosV(ve) does not receivg any ma_tter—polarization
5 e vy N,— N, 2(cP+c") m2—m2 contributions. The authors, fgllowm['gZS], claimed that the
3 s Ne—Nyj2  ce—cP—c m5x7 mge electron and proton polarization effects cancel each other in
4 e NeNJ2 e P mgs_mge V(v.e) e_md t_herefore concluded that thg— vg and v« v .
c V"‘HVA eN /2” c§+cp+c“ e oscillations in the supernova are not affected by the magnetic

X s n z oo b ks field and so cannot be the cause of the pulsar birth velocities.
6 Vx> Vs Nn/2 czre et m,mm, The cancellation was the result of the assumption that pro-
7 Yemx Ne 2¢; m, —m,, tons are strongly degenerate in the protoneutron star; as we
8 Vet Vy Ne 2c3 mi; mfx have shown in Sec. I, this assumption is incorrect. More-
9 Vet Vs Ne=Ny2  cg—cP—c"  mj —mj over, even for degenerate protons the cancellation takes
10 Ve Vs Ne—Np/2  cz—cP—c" mfe— mis place only if they are treated as Dirac particles, i.e., when the
1 Uy Vs Nn/2 co+cP+c”  m —mi strong-interaction renormalization of the proton’s magnetic
12 Vo vg N,/2 cs+cP+ch m’j‘s— mﬁx moment and axial-vector coupling constant are neglected. In
addition, the effects of neutron polarization, which can be
comparable with those of polarized electrons, were not con-
Am? sidered in[12]. It should be noted, however, that the above
V2GeNeti— CeﬁBlI:f' (11 shortcomings have no effect on the— v transitions which

were the main topic of12].

The resonance condition for neutrino oscillations in matter In [25,22 it was claimed that in strong enough magnetic
(MSW effec) has almost the same form, the difference beingfields the termc®B; can overcome th€2GgN, term in the
that the right-hand sidéRHS) of Eq. (11) is multiplied by  resonance condition of the,— v, and v« v, oscillations,
the cosine of the double vacuum mixing angle, cs.2The  leading to the possibility of new resonances. However, it has
effective parameters of the resonance condition depend dpeen demonstrated [126] that this is incorrect: the electron
the nature of the transition in question. In Table | we sum-polarization contribution can never exceed the electron den-
marize the parameters that enter into the resonance conditigity contribution, essentially because the mean polarization
(11) for the neutrino conversions of interest to us. Hegés ~ of electrons cannot exceed unity. The expressions for the
a sterile neutrino which is assumed to be left-hanfedis  polarization of matter constituend) and(5) that are linear
right-handed v,=v, or v,, and for the sake of comparison in the magnetic field are valid only when the induced polar-
we have also included the parameters for the neutrino corizations of the particles in matter are small. Nevertheless, as
versions due to the MSW effedtines 7-12. For c.4B,  Wwas stressed if26], for the v« vs and v v, oscillations
<V2GpNqg, the neutrino transitions listed in Table | can only the B term can indeed overcome th@GgNg, term in
be resonantly enhanced if the correspondiig? and N  the resonance condition, since the effective number density
are of the same sign. For given signs\gf, only 6 of the 12 Neg=Ne—Ny/2 can become small provided that there is a
transitions can be resonant, depending on the signs of trgompensation between the electron and neutron contribu-
respectiveAm?. We shall comment on the,sB,>v2GNy;  tions. In this case new resonances are indeed possible, and
case later on. It is interesting to notice that the parameters d¢he resonant channel will depend on whether the neutrinos
the resonance conditions for the RSFP transitions involvingre emitted along the magnetic field or in the opposite direc-
sterile neutrinos or antineutrinos and those for the corretion. Obviously, the same argument applies for the RSFP
sponding MSW transitions are the saiiees 3—6 and 9— transitions involving sterile neutrinos or antineutrintises
12, respectively The reason for this is thaV(vg)=0 3-6 of Table ). We would like to point out here that in the
=V(vy). case of the RSFP transitions the same is also true even for

Several remarks are in order. The author§2d] pointed  the v« v, andve« v, oscillations(lines 1 and 2 of Table)l
out that the electron polarization contribution cancels out irthat involve only active neutrinos; the matter polarization
the resonance condition for the RSFP transitiops v, and  term can overcome th€2GgNcy term provided that the ef-
Ve vy. They therefore concluded that magnetic fields havdective densityNeq=N,—N, becomes small because of the
no effect on these resonance conditions. We would like t&¢ompensation of the electron and neutron number densities.
emphasize that the cancellation noticed2@] is not exact; it ~ Thus, in the case of the RSFP of neutrinos, the matter polar-
holds only up to the electroweak radiative corrections. Inization term in the resonance condition can, in principle, ex-
particular, this cancellation is a consequence of R). ceed the effective matter density term leading to the possi-
which is based on the tree-level relation between the mass&dlity of new resonancefor all types of neutrino transitions
of the W* and Z° gauge bosonsM?,=M32 cog 6. This
relation is known to receive radiative corrections of the order
of 0.5% (mainly due to the heavy top quarkihere are other
electroweak corrections that would also lead to an incom-
plete cancellation, e.g., from the anomalous magnetic mo- The probability of an RSFP-induced neutrino transition
ment of the electron. They are typically of the same order oflepends on the degree of its adiabaticity and is generally
magnitude,<0.5%. However, for supernovae more impor- large when the adiabaticity parameteis large enough:

B. Adiabaticity parameters and transition probabilities
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My BJ_I’ 2 Lpr
10 Bug 3x 107 G} (10 km/~ L (12

B’
y=4 (B L, ~0.81Y ¢
V2GENg

( 10t g/cn?)

Here u, is the neutrino transition magnetic momeRt,, is  freely since the resonant conversion occurred above its neu-
the strength of the transverse component of the magnetitinosphere. Thus, the resonance surface becomes the new
field at the resonanc®, is defined througiN.=YN, and  “neutrinosphere” for thev's. It is, however, not a sphere.
LPE| (1lp)(dp/dr) |~ is the characteristic length over The matter polarization in the supernova magnetic field leads
which the matter density varies significantly in the super-to the resonance taking place at different distances from the
nova,L ,, being its value at the resonance. core of the star for neutrinos emitted parallel and antiparallel
The spin-flavor precession is typically strongly sup-to the magnetic field; as a result, the resonance surface has
pressed far below and far above the resonance point; in thidifferent temperatures in these two directions leading to an
case the transition probability is to a very good accuracyasymmetry of the momenta of the emitted neutrinos.
approximated by Let us estimate the magnitudesdin? that are necessary
for various neutrino conversions to occur in the regions of
™ interest to us. Since the neutrino mean energy
Py~(1-P"), P’Eex;{ - E”)' 13 _3.157, from Eq.(11) one finds &

p

The probability of neutrino transitions due to the MSW ef- T
10"t g/cn?/ |3 MeV

fect is given by the same expression with the adiabaticity
parameter y replaced by yusw= (Sir? 26,/cos ;)
><(Am2/2E)Lp, .2 For adiabatic transitionsyt>1) the tran-  This depends oiY ¢ and therefore on the neutrino transition
sition probability is close to one. In the vicinity of the neu- in question. In the vicinity of the neutrinosphere the electron
trinospherel ,,~ 10 km; therefore the RSFP transitions will fraction Y, is typically of the order of 0.1-0.2 at the time

Am?~1.4x 105Yeﬁ(

. (15

be adiabatic for when neutrinos are copiously produced in the superriava
few seconds after the core bouncét decreases towards
B,,=3x10*%10 ¥ug/u,) G. (14 smaller densities and reaches the value of about 0.46. At the

same time, in the dense core of the supernova there is still a
This constraint can in principle be somewhat relaxed sincaignificant amount of trappes.’s which hinder the neutroni-
Y is typically <1 and can also be<l in some cases; zation process. Thereforé, can be close to 0.4 in the su-
however, we will need the RSFP adiabaticity condition to bepernova’'s cordsee[30] for a more detailed discussipn
satisfied with some margin and so shall continue to use Eq. For our estimates we will assume a hierarchical pattern of
(14). For the MSW transitions to be adiabatic near the neuneutrino masses. For MSW transitions between active neu-
trinosphere the vacuum mixing angle should satigly trinos or antineutrinoglines 7 and 8 of Table)lthe required

=10"%. heavier neutrino mass is in general in the ral
g naeg
~100-800 eV. For the RSFP transitions between active
IV. KICK MOMENTA OF PULSARS neutrinos and antineutrinos one would neem,

~300-1500 eV, whereas for transitions between muon or
In [8] the following two conditions for generating the pul- tauon neutrinos or antineutrinos and sterile neutrino states
sar kick velocity through resonant neutrino oscillations werg(lines 5, 6, 11, and 12 of Tabl@ in, should be in the range
formulated:(1) The neutrino conversion takes place betweemnpgo< m,=<1.6x10" eV. In all these cases neutrinos do not
the neutrinospheres of two different neutrino specdi2sthe  satisfy the cosmological bounds on the mass of stable neu-
resonance coordinate depends on the angle between the ginos and would have to decay sufficiently fast. However,
rections of the magnetic field and the neutrino momentum.for the RSFP and MSW transitions between electron neutri-
These conditions apply to the RSFP-induced neutrinthos or antineutrinos and sterile neutrino statees 3, 4, 9,
conversions as well. Consider, e.g., the— v, conversions  and 10 of Table)lm, can be considerably smaller sin¥g;
above thev, sphere but below the, sphere. Av, propa-  can be very small in this case. Indeed, the param¥ter
gates freely until it gets transformed inte, through the passes through the value 1/3 somewhere between the super-
RSFP conversion. The resulting cannot escape easily and nova core and the neutrinosphere, i, passes through
gets trapped since the resonance point is below its neutringerg, This means that the required value\ofi’~m2 can be
sphere. At the same time, g which initially was trapped yery small, too: G=m,=<10 keV. For examplem, can well
and diffused out slowly will be converted into, when it pe in the ranges of a few eV or few tens of eV, which are
reaches the resonance surface. The resuliingescapes poth cosmologically safe and interestitig particular, the
allowed ranges of neutrino mass and transition magnetic mo-
ment are consistent with the predictions of the decaying neu-
2We note in passing that the MSW adiabatici’[y condition Wastrino theory of the ionization of the interstellar medium
formulated incorrectly ii8,12]: The oscillation length at resonance [31]). The massn, can also be in the range 18-10 * eV
must be compared with the resonance width=2 tan %L, and ~ which of interest for the solar neutrino problem; moreover,
not with L, itself. in this case the transition can be resonant even for massless
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neutrinos. Fom,=<4 keV transitions including both electron exactly along the magnetic field, the RSFP does not occur;
neutrinos and antineutrinos can be resonantly enhahttesl;  for those emitted in the orthogonal plane the field has no
would lead to an additional factor of 2 increase of the pulsae€ffect on the resonance condition and therefore does not lead
velocities for a given value of the supernova magnetic field{o any momentum asymmetry. For this reason, in the case of
We will now derive the generalized expression for thethe RSFP, the geometrical factor in E48) can be written
neutrino momentum asymmetry which will be valid for the 8 R=R;R,, where R;~1/6 as for neutrino oscillations,
RSFP as well as for neutrino oscillation transitions. The relawhile the factorR, takes into account the reduction of the

tive recoil momentum of a pulsar can be estimatefi8as RSFP transition probabiliti?,, for neutrinos emitted close to
the magnetic field directions. Basically, this reduction ex-
Ak THro—8)—THro+6) cludes the zenith angles close to 0° and 180° in the angular
T“ T4(r) J (16) integration over the neutrino momenta. The numerical value

of R, depends on the extent of the excluded region, which in
wherer, is the position of the resonance in the absence ofurn depends on the magnitude of the adiabaticity parameter
the magnetic field and: & is the shift of the resonance co- ¥ If the adiabaticity conditior{12) is satisfied with a large
ordinate for the neutrinos emitted parallel and antiparallel tanargin(i.e., y>1), even a strong reduction & =B sin ¢
the magnetic field. From the generic resonance conditioecause of the zenith angtebeing close to 0° or 180° will

(11) one can estimate the value éfas not suppress the RSFP transition probability significantly. In
this caseR,~1 andR~R;~1/6. In our estimates we will
CertB assume that this is the case.

(17 An important parameter that enters into the neutrino mo-
mentum asymmetry (18) is the derivative dT/dNg
=(dN.¢/dT) L. The effective densitiNg is in general a lin-
ear combination oN, andN,,, depending on the type of the
neutrino conversion. The derivativiN./dT was estimated
by KS as @Ne/ﬂT)Ke using the relativistic Fermi distribu-

tion function for the electrons. This gave

o=—
V2Gg(dNgg/dr)

whereB is the magnetic field strength. For the neutrino mo-
mentum asymmetry we get

Ak 1 oxd RldT5 4R
K TR o7 3

1 dT
T dNgg’
(18)

CeffB
ViG,

2

dNg/dT~ = (372Ng) ¥3T. (19
Here the factor 1/6 takes into acount that only one neutrino 3
or antineutrino species out of 6 acquires a momentum asym-
metry, andR is a geometrical factor to be discussed below.However, this approach was criticized by Qift0] who
The desirable value of\k/k is about 102 this can be pointed out that the chemical potential of electrons cannot be
achieved for a temperature asymmetry of the order 0f?10 considered as temperature independent in the supernova. He
(we are assuming here the neutrino transition probabilitpuggested using instead the results of numerical simulations
Py~1). of matter density and temperature profiles, which typically

For resonant neutrino oscillations, the geometrical factogive N=T* [32]. We adopt this approach here.

R in Eq. (18) takes into account the fact that for the neutrinos  UsingN;=Y;N (i=e,n) it is easy to show that
emitted in directions orthogonal to the supernova magnetic
field the resonance condition is not affected by the field. dN; N; dinY;
Therefore such neutrinos do not contribute to the kick veloc- aT = T + dinT /"
ity of the pulsar. In order to find this velocity one has to
calculate the net momentum of neutrinos emitted in the ditha electron fractionY, decreasegand thereforeY

: . ; . n in-
rection of the magnetic field. KS estimated the resulting 9€0¢reaseswith increasing' below thew, sphere. For this rea-

metrical factor as 1/2; however, their result was criticized bygon tor electrons the expression in the parentheses in Eq.

Qian[10] who showed that in fadR~1/6. _(20) is in fact larger than 3 whereas for neutrons it is slightly
For spin-flavor precession the situation is somewhat dif-,

o P smaller than 3. Estimates of the logarithmic derivatives using
f_eren.t. The magnetic field plays a dual rolelln this process,o Y, profile from[33] give
first, its componenB, transverse to the neutrino momentum
mixes the left-handed and right-handed neutrino states and

. e . dNe N, dN, N,
causes the spin-flavor precession itself; second, the longitu- —~4—, —~28— (21)
dinal componenB, affects the resonance condition, as dis- dT T dT T
cussed in Sec. Il A. Both roles are important for the pur- _ . _ . _
poses of our discussion. In fact, only the neutrinos emitted i the neutrinospheric region. Notice that numerically
directions different from that of the magnetic field or or- dNe/dT in Eq. (21) is about an order of magnitude larger
thogonal to it can contribute tAk/k. For neutrinos emitted than the corresponding KS val&9) [10].
It is instructive to estimate the relative sizesdifl,,/dT

anddN./dT in the supernova environment:

(20

3This includes the casam?=0 which corresponds to the reso- dN./d
nance transition due to the ordinafiavor-diagonal magnetic mo- N,/dT

ments of neutrino§7,13)). dNg/dT 0.71YnlYe). (22)
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Thus, dN,/dT is typically a factor of 3 to 6 larger than mated by about a factor of 40, where a facter3 comes
dN./dT. Notice that thedN./dT contribution todNgs/dT  from the geometrical factoR and a factor~13 from
has the opposite sign compared to tdhN,,/dT one (lines  dN,/dT [10]. Apart from the different numerical coefficient,
1-4, 9, and 10 of Table) land so will tend to increase the their expression for\k/k falls with increasing temperature
kick, especially for transitions of electron neutrinos and an-as T2 and not asT *. Comparing Eq(23) with the cor-
tineutrinos into sterile states. rected Eq(10) of [8] we find that in order to obtain the same
We shall first estimate the asymmetkk/k for the RSFP-  effect on the pulsar velocities one would need about a factor
induced transitions between active neutrings—v, and  of 2 stronger magnetic field in the case of the RSFP of active
ve— vy due to the Majorana neutrino transition magneticneutrinos than in the case of the resonant oscillation of active

moments(lines 1 and 2 of Table)i neutrinos. For example, in order to produs&/k=1% a
magnetic fieldB=2.5x 10'® G is necessary. This field is of
Ak 2/2(cP+cB| 1 dT the same order of magnitude as that needed to explain the
kK 9 VIGe T d(N,—N,) pulsar birth velocities by asymmetric neutrino production
[6]. By contrast, in our case, neutrinos carrying an asymmet-
4 B 3 MeV ric momentum will experience very few interactions with
~1.2x10 3x10% G T (23 matter, and so the asymmetry is unlikely to be suppressed by

such interactions.
Let us compare Eq23) with the corresponding expression  Next, we consider the RSFP-induced transitions between
for the case of the.« v, oscillations derived ifi8]. We first  active and sterile neutrino states due to the Dirac neutrino
notice that the numerical coefficient in EQ.0) of [8] was  transition magnetic momenttnes 3—6 of Table)l For the
overestimatedand so the requisite magnetic field underesti-transitionsv,« v and v, v we obtain

2/3

TIX1074 —
3.7x10 v,

Yé’g( 10t g/en?

Mev)

k
AT ~(219{[ S+ (cP+c") |BIV2GEH LT[ dT/d(N,/2) ]~ +7.6% 10—5( 3

X

B
3x10* G)' (24)
From Eq.(24) it follows that in order to get\k/k=1% one would nee@®=9x 10'° G. This field is of the same order of
magnitude as the one that is needed in the case of the neutrino flavor oscillations. Moreover, for a hierarchical neutrino mass
patternm,, > m, ,m,_ the transitions between boﬁ and v, and sterile neutrino states can be resonant and contribute to
Ak/k.* In this case a factor of two weaker field would be able to produce the desired kick.
For the transitions/y— v and ve— v we obtain

Ak . ) Y& (101 glent| 2@
= (2/9){[c5— (¢”+c")IBIV2GE}H(LT)[dT/d(Ny/2—Ne) ] ~| 3.7x 10 S e
7.6xX10°° 3 Mev Yo B 25
—ex T | |Y,—2.86v, |3x10% G 9

For these transitions in order to gak/k=1% one would ered neutrons as strongly degenerate in the hot protoneutron
typically needB=4x 10" G. This field is about a factor of star. This resulted in a suppressed valueAdfk, and in
2 weaker than the one that is needed in the case of the K&der to save the situation, they had to assume that the reso-
mechanism. We would like to emphasize, however, that ounant oscillations take place deep in the core of the supernova.
consideration is rather simplified and can only yield order-However, as follows from our considerations, the nondegen-
of-magnitude estimate of the requisite magnetic fielderacy of neutrons increasask/k so that there is no need to
strengths. assume that the resonance takes place in the supernova’'s
It should be noticed that the results in E¢84) and(25  core. Moreover, the asymmetry decreases with the resonance
apply to the case of resonant oscillations between active angensity.
sterile neutrinos as well. This case was studiefl#l; how- The lower bounds on the supernova magnetic fieds
ever the result obtained in that paper differs from ours. Th§ere derived here assuming that the RSFP transitions are
reason for this is that the authors[d®] erroneously consid-  ajapatic. The adiabaticity condition puts another lower
bound onB, Eg. (14). The bounds obtained in this section
are more restrictive provided the neutrino transition magnetic
“This has been pointed out for the case of oscillations into sterilgnoments satisfy.,=10"4ug (10 °ug) for Dirac (Majo-
neutrinos in[12]. rang neutrinos.
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V. CONCLUSION netic moments of neutrinos, the requisite supernova mag-
metic field strengths aB=4x 10" G. This is about a factor

We have studied the effect; qf the spin polarization o of 2 smaller than the field necessary in the case of neutrino
matter in a supernova magnetic field on the resonance con?l—

ditions for spin-flavor precession of Dirac and Majorana neu- avor os:[illa]tions. Such fields are considered possible in su-

. . o ! pernovae[16]. For resonant spin-flavor precession between
:rnocse 'Quffigzr?gﬁﬁhg?f argafsr;?g%:ter :S :;tt? |rrt1?) tehne"nisrgiso ?]active neutrinos and antineutrinos due to Majorana transition
which can explain the observed space velocities of pulsar[;hg%(nfgl% g(wg’ir:ésbzf nn:;ézgos, magnetic field strengths
and their possible correlation with the pulsar magnetic fields.™ '

Our estimates for the case of spin and spin-flavor precession
of Dirac neutrinos also apply to oscillations into sterile neu-
trinos and correct the results pf2] where the effect was The authors are grateful to Alexei Smirnov for useful dis-
underestimated. In the case of resonant spin-flavor precesussions. E.A. is grateful to ICTP for financial support. A.L.
sion into sterile neutrino states due to Dirac transition magand D.W.S. acknowledge financial support from MURST.
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