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ABSTRACT
A convincing explanation for the observed pulsar large peculiar velocities is still missing. We argue

that any viable particle physics solution would most likely involve the resonant production of a nonin-
teracting neutrino of mass keV. We propose a model where anisotropic magnetic Ðeldl

s
mls D 20È50

conÐgurations strongly bias the resonant spin Ñavor precession of tau antineutrinos into For internall
s
.

magnetic Ðelds G, a transition magnetic moment of the order of 10~12 Bohr magnetonsBint Z 1015 l6 q Èl
sis required. The asymmetric emission of from the core can produce sizable natal kicks and account forl

srecoil velocities of several hundred kilometers per second.
Subject headings : elementary particles È pulsars : general È stars : neutron È supernovae : general

1. INTRODUCTION

Measurements of the pulsarsÏ proper motion have shown
that the pulsar population is characterized by peculiar
velocities much higher than those of all other stellar popu-
lations (Gunn & Ostriker 1970 ; Lyne & Lorimer 1994 ;
Hansen & Phinney 1997 ; Cordes & Cherno† 1997 ;
Lorimer, Bailes, & Harrison 1997). While the precise form
of the velocity distribution is uncertain, recent studies indi-
cate that it must extend to D1000 km s~1, with a mean of
D500 km s~1 (Lorime et al. 1997). Since the velocities of
pulsarsÏ likely progenitors, the massive stars, are among the
lowest in the Galaxy (D10È40 km s~1), it is natural to think
that the mechanism responsible for their acceleration can be
related either to supernova (SN) core collapse and explo-
sion or to the postexplosion cooling phase when, within a
few seconds, a huge amount of energy is emitted from the
protoÈneutron star (PNS) through the radiation of D1058
neutrinos of all Ñavors.

To date, no convincing physical process that could
account for pulsar acceleration has been identiÐed (a review
of di†erent kick mechanisms has been recently given by Lai
1999). The astrophysical solutions that have been proposed
include, in broad terms, the possibility of symmetric and
asymmetric SN explosions. In the Ðrst case, large recoil
velocities are achieved in response to the mass loss in the
(symmetric) explosion of one component of a close binary
system (Gott, Gunn, & Ostriker 1970 ; Iben & Tutukov
1996, 1997). It was shown that the remnant can achieve
velocities comparable to the orbital velocity of the SN pro-
genitor. However, detailed Monte Carlo simulations of the
evolution of binaries through the SN phase fail to repro-
duce the observed velocity distributions of pulsars and hint
at asymmetric explosions (Lorimer et al. 1997 ; Dewey &
Cordes 1987 ; van den Heuvel & van Paradijs 1997 ; Hughes
& Bailes 1999). In the second case, asymmetrical stellar
collapse and explosion occur because of preexplosion insta-
bilities and core density distortions, imparting to the
residue an intrinsic kick (Janka & Mueller 1994 ; Burrows &
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Hayes 1996a ; Burrows & Hayes 1996b). The momentum
scale of the mass ejecta in the SN explosion is of the order of
B6 ] 1053 ergs c~1, corresponding to about 10 solar
masses ejected with velocities B104 km s~1. Then, to accel-
erate the remnant of about 1.5 to the largest observedM

_velocities, it is necessary to generate a momentum asym-
metry in the ejecta of the order of a few percent. The asym-
metric explosion scenario remains unsatisfactory in the
sense that initial anisotropies in the collapsing core suffi-
ciently large to generate asymmetries of this size have to be
input artiÐcially (Burrows & Hayes 1996b) and, from the
point of view of present (two-dimensional) hydrodynamic
calculations, are difficult to justify (Janka & Mueller 1994).

More recently it has been suggested that a completely
di†erent class of mechanisms could be responsible for
imparting a natal kick to the neutron star. Virtually all the
gravitational binding energy released during the collapse of
the progenitor iron core (B3 ] 1053 ergs) is emitted during
the Ðrst 10 s after core bounce in the form of neutrinos and
antineutrinos. The momentum in neutrinos is therefore
comparable to the momentum in the ejected matter. Hence,
also in this case a few percent asymmetry in the neutrino
emission could suffice to account for the largest velocities
observed. The particle physics explanations for the pulsar
acceleration mechanisms can be classiÐed according to the
underlying mechanism at the origin of the momentum
asymmetry in the neutrino emission. The asymmetry could
be in the number of neutrinos, or in the neutrino energy
(since the number of neutrinos is not conserved when neu-
trinos stream out of the core, this only refers to the micro-
scopic cause of the asymmetry, and does not describe the
macroscopic e†ect). In both cases, the presence of a strong
magnetic Ðeld BD 1015È1016 G provides the asymmetric
initial condition for the system. In the Ðrst case, parity vio-
lation in electroweak interactions was thought to be at the
origin of asymmetric neutrino emission from strongly mag-
netized PNSs. The cumulative e†ect of multiple neutrino
scatterings o† the slightly polarized nucleons would result
in a sizable anisotropy in the neutrino momentum
(Horowitz & Piekarewicz 1998 ; Horowitz & Li 1998 ; Lai &
Quian 1998a). More detailed studies showed that this e†ect
was largely overestimated (Kusenko & 1996, 1997 ;Segre�
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Arras & Lai 1999). When neutrinos are in local thermody-
namic equilibrium (as they are to a very good approx-
imation in the interior of a PNS) detailed balance ensures
that no cumulative e†ect from multiple scatterings can
build up. Local e†ects in the PNS atmosphere, as for
example the deviations from thermal equilibrium that occur
close to the neutrinosphere, can generate asymmetries in the
neutrino emission. However, to date detailed analyses of
these e†ects have failed to produce kicks as large as 1000
km s~1 (Arras & Lai 1999). The second case relies on the
assumption that resonant transitions (oscillations
[Kusenko & 1996, 1997 ; Grasso, Nunokawa, & ValleSegre�
1998] or spin-Ñavor precession [Akhmedov, Lanza, &
Sciama 1997]) between di†erent neutrino Ñavors occur
inside the PNS. The resonance surface for the conversion
becomes the e†ective surface of last scattering (the
neutrinosphere) for the neutrino Ñavor with the largest
mean free path. Since a strong magnetic Ðeld can slightly
distort the resonance surface, neutrinos are emitted from
regions with di†erent temperatures, which yields an asym-
metry in the overall momentum. Also in this case, the real
e†ect was largely overestimated. This is because the varia-
tion of the temperature over the e†ective neutrinosphere
cannot be directly related to an anisotropy in the neutrino
energy. The energy Ñow from the star is governed by the
inner core emission of neutrinos ; in Ðrst approximation,
local processes in the PNS atmosphere, where the resonant
conversion takes place, cannot modify the (isotropic) neu-
trino emission from the core (Janka & Ra†elt 1999).

In conclusion, both the macroscopic parity violation and
the resonant neutrino conversion scenario, which for a
while seemed to provide elegant particle physics mecha-
nisms to account for pulsarsÏ acceleration, did not survive
more detailed analysis. However, the study of these
attempts and of the reasons why they fail to produce natal
kicks of the right magnitude can guide us to infer some of
the conditions that must be satisÐed by a viable particle
physics solution.

1. The neutrino observations from SN 1987A, and in
particular the duration of the burst, support the theoreti-l6

ecal expectation that active neutrinos are copiously pro-
duced inside the PNS core and that they are the main
agents of the energy emission. Theoretical studies indicate
that, to a good approximation, the total energy carried
away by neutrinos is equipartitioned among the six neu-
trino and antineutrino Ñavors (Janka 1995). This implies
that conversions between the active Ñavors would simply
result in exchanging the respective spectra, and cannot
a†ect the main characteristics of energy emission (Janka &
Ra†elt 1999). We learn from this that if neutrino conversion
is responsible for the kicks, then the conversion must be
into some new particle that does not interact with matter in
the same way as the standard neutrinos : most probably a
very weakly interacting or sterile neutrino l

s
.

2. In thermal equilibrium, the microscopic peculiarities
of neutrino scattering processes cannot build up any macro-
scopic asymmetry. This applies also to possible neutrino
scattering into new exotic states. This hints at some macro-
scopic condition anisotropically realized inside the PNS. If
this has to inÑuence the neutrino conversion rates, we are
naturally led to thinking of some asymmetrically located
resonance, or of local violation of the adiabaticity condi-
tions for the conversion.

3. An anisotropic resonant conversion of an active neu-
trino into an exotic state is still not sufficient to generate a
momentum asymmetry. Close to the resonance region the
parent l and the would both have an asymmetricl

smomentum distribution, but their asymmetries would com-
pensate in the total momentum. However, a noninteracting

would freely escape from the PNS, thus preserving itsl
soriginal asymmetry, while the active neutrino keeps inter-

acting with the background particles. If l has enough time
to recover a symmetric momentum distribution before
escaping from the star, then the asymmetry will be leftl

sunbalanced. This suggests that the conversion should occur
far inside the l neutrinosphere, and most likely in the high-
density regions close to the core.

The picture emerging from these considerations is a reso-
nant conversion of an active Ñavor into a noninteracting
neutrino, at the large densities and temperatures typical of
the PNS regions close to the core. In turn, matching the
resonance condition hints at a sterile neutrino mass
B20È50 keV. In order to implement the previous scheme it
is important to identify all the possible macroscopic asym-
metries of the system. As we will discuss in the next section,
there are observational indications that, in some cases,
pulsar magnetic Ðelds are better described by an o†-
centered dipole rather than simply by an oblique dipole
with the center of the magnetic axis coinciding with the
center of the star. Clearly this implies anisotropic condi-
tions inside the PNS core, since the magnetic Ðeld strength
can easily vary by more than an order of magnitude within
regions of equal matter density. Then it is not difficult to
envisage how in such an anisotropic background the
Mikheyev-Smirnov-Wolfenstein (MSW) mechanism for
matter-enhanced neutrino oscillations (Wolfenstein 1978 ;
Mikheev & Smirnov 1985) or resonant spin-Ñavor precess-
ion (RSFP) (Akhmedov 1988a, 1988b ; Lim & Marciano
1988) could result in large asymmetries in the rate of neu-
trino conversion between opposite hemispheres. Moreover,
if the conversion involves noninteracting neutrinos, they
will freely escape from the core, yielding a large momentum
asymmetry. We stress that the solution we are proposing
here is intrinsically di†erent from previously studied mecha-
nisms that exploit resonant neutrino conversion and emis-
sion from a slightly deformed resonance surface (Kusenko
& 1996, 1997 ; Grasso et al. 1998 ; Akhmedov et al.Segre�
1997). In our case, it is the conversion probability that is not
isotropically distributed inside the (spherical) region where
the resonant condition is satisÐed.

In ° 2 we will review some of the arguments in support of
our basic assumption that the magnetic Ðeld in the PNS
interior can be characterized by sizable anisotropies. In ° 3
we will brieÑy review the physics of RSFP. For deÐniteness,
we will assume that tau antineutrinos can be resonantly
converted into sterile neutrinos, We will show that forl

s
.

acceptable values of the PNS magnetic Ðeld and of the
neutrino transition magnetic moment the adiabaticityklconditions for an efficient conversion are satisÐed in regions
asymmetrically displaced from the star center. An MSW
solution to the problem can also be implemented straight-
forwardly, since the asymmetrically polarized background
results in an anisotropic neutrino potential (Nunokawa et
al. 1997). However, this requires more Ðne tuning in the
choice of the relevant parameters, and we will only
comment brieÑy on this possibility. The details of the PNS
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model we have used and of neutrino di†usion from the core
will be described in ° 4. Finally, in ° 5 we will present our
results and draw the conclusions.

2. EVIDENCE FOR ANISOTROPIC MAGNETIC FIELDS

The evidence in support of asymmetric magnetic Ðeld
topologies for variable magnetic stars and pulsars was dis-
cussed long ago by Harrison and Tademaru (Harrison &
Tademaru 1975 ; Tademaru & Harrison 1975 ; Tademaru
1976). They argued that pulsarsÏ magnetic Ðelds can be well
modeled by an o†-centered magnetic dipole, displaced from
the center of the star and oriented obliquely with respect to
the rotation axis in an arbitrary direction. They also
showed that such a Ðeld conÐguration radiates asym-
metrically low-frequency electromagnetic radiation, and
they tried to explain through this mechanism ““ postnatal ÏÏ
pulsar acceleration at the expense of the star rotational
energy. However, velocities much in excess of 100 km s~1
cannot be explained in this way, since for typical rotational
periods of the order of 10 ms the rotational energy does not
exceed by much the total kinetic energy of the star. More-
over, the lack of any observed correlation between the mag-
netic Ðeld and the transverse velocity, or between the
direction of the motion and the magnetic axis (Lorimer et
al. 1997 ; Deshpande, Ramachandra, & Radhakrishnan
1999) has virtually ruled out the postnatal acceleration
model. Asymmetric magnetic Ðeld conÐgurations can also
a†ect and absorption cross sections on neutrons andl

e
l6
eprotons. Lai & Qian (1998b) studied the possible asym-

metry in the neutrino emission that can be generated in this
way, and showed that the e†ect is again too small to
produce appreciable kicks.

However, an anisotropic magnetic Ðeld can still be
responsible for pulsar acceleration by producing sizable
asymmetries in the neutrino emission during the early PNS
cooling phase. In principle, the mechanism we want to
propose can be e†ective independent of the particular type
of magnetic Ðeld model, as long as it predicts sizable aniso-
tropies in the Ðeld strength. However, for deÐniteness we
will concentrate on the simple o†-centered and decentered
magnetic dipole models (Harrison & Tademaru 1975 ;
Tademaru & Harrison 1975 ; Tademaru 1976) also because
they are supported by a few observational evidences.
Decentered dipole models were Ðrst introduced in the
attempt to improve the representation of the Ðelds of
periodic magnetic variable stars (Landstreet 1970). It was
later suggested that these models could also account for
special features in the electromagnetic emission of the so-
called interpulse pulsars, which are characterized by sec-
ondary interpulses well separated from the main pulse, and
of an intensity up to 2 orders of magnitude smaller
(Hankins 1986). A displacement of the magnetic dipole
along the magnetic axis of an amount d in units of stellar
radius would produce unequal surface Ðeld intensities in the
ratio (1 ] d)3/(1 [ d)3, providing a simple explanation for
the relative weakness of the secondary interpulse. The
decenter parameter d inferred from observational studies of
variable magnetic stars and interpulse pulsars ranges
between 0.1 and 0.6 (Harrison & Tademaru 1975 ; Tade-
maru & Harrison 1975 ; Tademaru 1976). In some cases
surface Ðelds of opposite polarities, separated by much less
than 180¡ have been observed (Hankins 1986). Asymmetries
of this kind are not explained by the simple decentered

model, and suggest that the dipole is actually o†-centered.
Namely, the magnetic dipole (in cylindricalk \ (k

z
, ko, kÕ)coordinates) is arbitrarily oriented and displaced from the

center of the star by an amount along the spin axis andd
z

doin the radial direction. Since the dipole axis does not inter-
sect the spin axis, the angular separation between the main
and the secondary pulses is easily accounted for.

The study of interpulse pulsars is statistically limited by
the small sample of a few percent of all pulsar population.
This is likely to be because of the fact that both the angle of
inclination between the rotation axis and the line of sight,
and the angle between the spin and the magnetic axis, must
be close to 90¡ to allow for their detection. Still, the few
direct observations available today suggest that it is not
unreasonable to assume that most pulsars have oblique and
o†-centered dipole Ðelds, or possibly some more compli-
cated Ðeld conÐguration implying sizable anisotropies in
the magnetic Ðeld topology.

Since o†-centered dipoles radiate energy at a di†erent
rate with respect to centered dipoles, one might wonder if
o†-centered models could be tested by measuring the pulsar
rate of energy loss. In simple cases, the loss of angular veloc-
ity of a pulsar can be described by the lawu5

u5 \ [kun , (1)

where n, called the braking index, can be directly inferred
from the instantaneous rate of change of frequency through
the relation A magnetic dipole k located on then \ u� u/u5 2.
spin axis radiates electromagnetic energy at the expense of
rotational energy at a rate

dEk
dt

\ [ 1
2

d(Iu2)
dt

\ 2ko2
3c3 u4 , (2)

where I is the neutron star moment of inertia. For constant
I this yields n \ 3. For gravitational quadrupole radiation,
denoting by the component of the mass quadrupoleMoorthogonal to the spin axis, isdE

M
/dt \ (G

N
Mo2/45c5)u6,

found (Ostriker & Gunn 1969), and the braking index is
n \ 5. For a magnetic dipole displaced from the spin axis by
an amount the spin-down law readsdoR,

u5 \ [ku3(1] au2) , (3)

where and This yields ak \ 2ko2/3Ic3 a \ 2k
z
2(do R)2/5ko2 c2.

braking index Unfortunately,n \u� u/u5 2^ 3 ] 2au2[ 3.
for typical values of the relevant parameters (PD 10 ms,
RD 10 km, etc.) one obtains and thus the devi-au2 [ 10~5,
ation from the centered dipole spin-down law is by far too
small to be measurable.

3. RESONANT SPIN-FLAVOR PRECESSION

The mechanism we want to explore to account for pulsar
acceleration is the RSFP of an active neutrino into a sterile
neutrino, driven by the anisotropic magnetic Ðeld of a
decentered dipole conÐguration. For simplicity, we will not
analyze here the more realistic case of an o†-centered mag-
netic dipole or of more complicated conÐgurations, since
these generalizations do not change our main results. We
just note that, in the o†-centered case, sterile neutrino emis-
sion could contribute not only to the acceleration, but also
to a spin-up of the PNS. As has recently been suggested
(Spruit & Phinney 1998), the rotating core of the pulsar
progenitor might have just a tiny fraction of the angular
momentum required to explain the observed rotation



No. 2, 2001 PULSAR ACCELERATION BY STERILE NEUTRINO EMISSION 1079

velocities of pulsars. For this reason it was conjectured that
the same physical process that kicks the PNS at birth could
be responsible also for pulsarsÏ fast rotations (Spruit &
Phinney 1998 ; Cowsik 1998). Thus, it might be interesting
to study whether a more general magnetic Ðeld conÐgu-
ration, in conjunction with neutrino RSFP, could also
account for the observed pulsar periods.

We start by assuming that RSFP can occur atl6 q ] l
sneutron star core densities and magnetic Ðeld strengths.

Since can freely escape from the core, we need to ensurel
sthat the neutrino burst duration, D10 s, will not be short-

ened too much. Assuming equal luminosity for all neutrino
and antineutrino Ñavors (Janka 1995), even a 100% efficient
conversion of into would a†ect only of thel6 q l

s
16 D 17%

energy in the game. Since there are resonance regions where
the adiabaticity conditions are not satisÐed and no conver-
sion occurs, the overall efficiency for conversion is inl6 q ] l

sfact lower, meaning that the amount of energy carried away
by is small enough for the burst duration not to be drasti-l

scally changed. On the other hand, a 10%È20% asymmetry
in the active-sterile conversion efficiency between opposite
hemispheres would result in a few percent asymmetry in the
total momentum, as is needed to explain the largest veloci-
ties observed. An important point in this discussion is to
ensure that transitions that involve other active Ñavors,
such as will not result in an energy ““ siphon ÏÏl6

e,k] l6 q ] l
s
,

e†ect that would cool the PNS too rapidly. Indeed, in the
light of the present experimental hints for nonvanishing
neutrino mixings, accounting for these reactions is manda-
tory. The rates for neutrino Ñavor conversion in a neutron
star core were studied by Ra†elt & Sigl (1993) and by Han-
nestad et al. (2000). For the large charged current (CC)l

erefractive e†ects due to the background electrons strongly
suppress any in-matter mixing angle, so that conversion to
other neutrino species cannot occur on the timescale of
neutrino di†usion (Ra†elt & Sigl 1993). Also for thelk % lqconversion timescale safely exceeds the neutrino di†usion
time (Hannestad et al. 2000). This is because of the presence
of a small amount of muons in the hot superdense core,
which implies additional CC contributions to the indexlkof refraction, as well as to the second-order di†erence in the

neutral current (NC) potentialslkÈlq dV DG
F
2mq2N

N(where is the density of nucleons) (Botella, Lim, & Mar-N
Nciano 1987). In conclusion, the large di†erences in the neu-

trinosÏ indices of refraction inside the PNS guarantee that e,
k, and q lepton numbers are separately conserved, and thus
the conversion into will a†ect just one neutrino Ñavor.l

sThe condition for a RSFP of into sterile neutrinosl6 q l
sreads

V (l6 q)\
G

F
N

n
J2

[ ;
f/n,p,e

i
f
Sj

A
fT \*m2

2E
. (4)

The e†ective potential felt by a propagating in theV (l6 q) l6 qhot, superdense, and slightly polarized PNS matter has two
contributions : the Ðrst one is because of the coherent vector
interaction with the background and is proportional to the
number density of neutrons, The second one, which is aN

n
.

result of coherent axial-vector interactions, is proportional
to the average polarization of the f\ n, p, e back-Sj

A
fT

ground fermion parallel to the direction of the neutrino
motion (Nunokawa et al. 1997 ; Bergmann, Grossman, &
Nardi 1999). The proportionality factor k

f
D (g

A
f G

F
/J2)N

fdepends on the f-fermion number density and on itsN
f

axial vector coupling On the right-hand side of equationg
A
f .

(4), *m2 denotes the squared mass di†erence between the
tau and the sterile neutrino masses. In the PNS core

MeV, where g cm~3.V (l6 q) B 4 ] 10~6o14 o14 \o/1014
For neutrino thermal energies of order MeVElD 100È200
the resonance condition can be satisÐed if *m2D (20È50
keV)2. This value is much larger than the cosmological limit

eV), and in the following we will therefore assumemlq ([102
*m2\ mls2 [mlq2 ^ mls2 .

The average background polarization contributing to the
second term in grows linearly with the magnetic Ðeld,V (l6 q)which in a neutron star can reach extremely high values, up
to D1015 G (Thompson & Duncan 1992, 1993, 1995, 1996).
However, during the early cooling phase when most of the
neutrinos are emitted, the temperature is also large, the
electrons are relativistic and degenerate, and as a result the
induced polarizations are strongly suppressed, down to

and (Bergmann et al.Sj
n,pT [ 10~3B15 Sj

e
T [ 10~2B151999), where is the magnetic Ðeld strength in units ofB151015 G. Thus in general and, in mosti

f
Sj

A
fT > G

F
N

n
/J2,

cases, neglecting the polarization term is well justiÐed.
The resonance condition for the (helicity-conserving)

MSW e†ect has the same form as equation (4)(l6 q% l6
s
)

except for the fact that the right-hand side is multiplied by
where is the vacuum mixing angle. Because thecos 2h

V
, h

Vmagnetic dipole conÐguration is asymmetric, in di†erent
regions of a core shell of given neutron density the mag-N

nnetic Ðeld and the average polarization SjfT can be vastly
di†erent. Then it could be possible that the resonance con-
dition is satisÐed with sufficient accuracy in just one hemi-
sphere. This can be more easily achieved for resonant l6

e
%

oscillations, since in this case the neutron number densityl6
sin the Ðrst term in equation (4) is replaced by andN

n
[ 2N

e
,

in some region of the core and at some stage of the PNS
evolution this combination can approach values close to
zero. However, local violation of the adiabaticity condition
for an RSFP conversion (see below) appears to be more
natural than an asymmetric MSW resonant conversion, in
the sense that it can be satisÐed for a larger range of the
relevant parameters, and is also more stable with respect to
core evolution during the deleptonization and cooling
phases. Therefore in the following we will concentrate on
the RSFP conversion mechanism.

Once the condition in equation (4) is satisÐed, the prob-
ability that a spin-Ñavor neutrino transition willPl6 qalsoccur depends on its degree of adiabaticity. To a good accu-
racy,

Pl6 qals ^ 1 [ exp
A
[ n

2
c
B

, (5)

which is sizable when Denoting bycZ 1. lo4
o (1/o)(do/dr) o~1 the characteristic length over which the
density varies signiÐcantly, and with its value at theloresresonance, the adiabaticity parameter c can be written as
(Akhmedov 1997 ; Akhmedov et al. 1997)

c^ 1.04
A 1
1 [ Y

e

BA2.6] 1014 g cm~3
o

B

]
A kl
10~12kB

B
M
res

3 ] 1015 G
B2 lores

10 km
, (6)

where is the number of electrons per baryon in theY
e
B 0.3

PNS core (Burrows & Lattimer 1986), is the Bohr mag-kB
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neton, and is the value at resonance of the magneticB
M
res

Ðeld component orthogonal to the direction of neutrino
propagation. Let us now assume that the magnetic dipole is
displaced from the star center by an amount d in units of the
PNS radius R, and let us deÐne where isdü \ d(R/Rres), Rresthe location of the resonance layer. For reasonable values

the ratio of Ðeld intensities between the northdü B 0.2È0.5
(N) and south (S) magnetic poles of the resonance shell

falls in the range 10~1 to 10~2.B
S
res/B

N
res ^ (1 [ dü )3/(1 ] dü )3

Then from equation (6) we see that the condition c
N

Z 1
and that triggers the aniso-(Pl6 qals D 1) c

S
> 1 (Pl6 qals D 0)

tropic neutrino emission can be realized in a natural way. In
Figure 1 we depict the variation of the adiabaticity param-
eter c inside the resonance layer as a function of the angular
distance # from the magnetic dipole axis. The resonance is
located at where denotes the core radius,Rres \ 1.5R

c
, R

cand the maximum value of the magnetic Ðeld strength at
resonance is B\ 4 ] 1015 G. For small values of the
decentered parameter d D 0.1 the adiabaticity condition is
matched in both hemispheres and no large asymmetry can
be expected. However, for d [ 0.2 we get c\ 1 in the whole
hemisphere # [ n/2 and a sizable asymmetry can be pro-
duced. It is also apparent that if d becomes too large, the
region where the adiabaticity condition is satisÐed shrinks
down to a small cone (e.g., for there is good adia-d Z 0.5
baticity only when This heavily reduces the con-# [ n/6).
version efficiency and results in a suppression of the
asymmetry. It also suggests that no simple correlation
between the value of d and the overall momentum asym-l

smetry can be expected.
Let us now comment brieÑy on the possible values of the

relevant physical quantities appearing in equation (6). Mag-
netic Ðeld strengths G are not unreasonable in theZ1015
interior of a newborn neutron star. Indeed, there is obser-
vational evidence for highly magnetized young pulsars
(magnetars) with dipole surface Ðelds as large as 8 ] 1014 G
(Hurley 1999). On the other hand, theoretical studies indi-
cate that internal dipole Ðelds as large as Bint D (5È10)
] 1015 G can be formed during the Ðrst few seconds after
gravitational collapse, when the strong convective motions

FIG. 1.ÈVariation of the adiabaticity parameter c inside the resonance
layer as a function of the angular distance # from the magnetic dipole axis
for di†erent values of the decentered parameter d. Solid line : d \ 0.1 ;
dashed line : d \ 0.2 ; space-dotted line : d \ 0.3 ; dotted line : d \ 0.4 ; dash-
dotted line : d \ 0.5. The resonance is located at and theRres \ 1.5R

cmaximum value of the magnetic Ðeld strength at the resonance is
B\ 4 ] 1015 G.

coupled with rapid rotation can produce an efficient
dynamo action (Thompson & Duncan 1992, 1993, 1995,
1996). As regards the value of it is well known that thekl,RSFP conversion mechanism requires rather large tran-
sition magnetic moments. For densities close to nuclear
density and acceptable values of the magnetic(B2.6o14)
Ðeld, the adiabaticity condition in equation (6) points
toward magnetic moments of the order of For10~12kB. l6 qthis is several orders of magnitude below the laboratory
limits (Groom et al. 1998). In the early universe, willl

sattain thermal equilibrium only for kl Z 6 ] 10~11kB(Elmfors et al. 1997) and hence the nucleosynthesis con-
straints can be easily satisÐed. The astrophysical limit kl [

implied by stellar energy-loss arguments3 ] 10~12kB(Ra†elt 1990, 1999) does not apply in this case, since the
Ðnal-state sterile neutrino with keV is too heavy tom

s
? 5

be produced inside red giants or white dwarfs. Assuming, as
is reasonable, that the main decay mode is radiative,l

sthe limits on c-ray Ñuence immediately after thel
s
] l6 q c,arrival of the neutrino burst from SN 1987A can be used to

set strong constraints on Under the assumption that thekl.decaying neutrinos are carrying away about a third of the
total energy, the limit (10 waskl \ 1.6] 10~14kB keV/mls)derived (Oberauer et al. 1993 ; Ra†elt 1996). However, this
limit cannot be straightforwardly applied to our case. As we
will see below, depending on the overall conversion effi-
ciency, the can easily carry an overall energy more thanl

san order of magnitude smaller than what was assumed in
order to derive this limit. It is even conceivable that no
conversion at all could have occurred for SN 1987A, if the
magnetic Ðeld was too weak to satisfy the adiabaticity con-
dition (of course this would also imply no intrinsic kick for
the SN 1987A residue, which unfortunately has not been
detected). In addition to this, in our framework the emis-l

ssion is strongly anisotropic, and beaming e†ects could have
drastically reduced the Ñux along the line of sigh of the
Earth. We conclude that the SN 1987A limit cannot exclude
values of of the order However, it is interestingkl 10~12k

B
.

to note that a clear signature of the mechanism we are
proposing would be a large Ñux of c rays with energies of
several tens of MeV from the next Galactic SN. Since the l

sare emitted from regions close to the hot inner core, this
would also be accompanied by an anomalous spectral com-
ponent of from decays with a temperature about onel6 q l

sorder of magnitude larger than the and spectra.lq lkIf a few times the sterile neutrinos wouldkl Z 10~12kB,be directly produced through helicity Ñipping scattering o†
electrons and protons (Barbieri & Mohapatra 1989 ; Ayala,
DÏOlivo, & Torres 2000). The main concern here is not so
much the change in the rate of energy loss, since this would
a†ect only one Ñavor, but rather the fact that spin Ñips due
to scattering processes would then occur within the entire
core volume with an (almost) isotropic distribution. If the
timescale for these processes is much shorter than the l6 qdi†usion time to the resonant region, almost all the willl6 qconvert into inside the core. However, in crossing thel

sresonance layer, the will be anisotropically reconvertedl
sinto interacting states. This would result in approximately

the same momentum asymmetry, but in the opposite direc-
tion. If the timescale for the helicity Ñipping scatterings is
much larger than the di†usion time to the resonance (butl6 qof course shorter than their di†usion time to the
neutrinosphere) the asymmetry generated at the reso-l

snance surface will be preserved. This is because the uncon-
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verted streaming out from the resonance layer willl6 qquickly recover an isotropic momentum distribution, so
that the later emission of from helicity Ñipping scatteringsl

swill be essentially symmetrical. Still, allowing for these pos-
sibilities would unnecessarily complicate our analysis.
Therefore, to ensure that helicity Ñipping scatterings are
safely suppressed and will not interfere with resonant con-
versions, we will assume that the limit a few timeskl [

(Barbieri & Mohapatra 1989 ; Ayala et al. 2000) is10~12kBsatisÐed.

4. THE PROTOÈNEUTRON STAR MODEL

In this section we describe the model that was used to
simulate the PNS physical conditions during the Ðrst few
seconds after core bounce. Our PNS model is three-
dimensional but static, so that the results we will obtain
should be understood as a ““ proof-of-principle ÏÏ calculation
of the possible size of the momentum asymmetry. We iden-
tify four di†erent regions that are of major importance for
the conversion process and for the neutrino emission :

1. Core-atmosphere interface are(r \R
c
).ÈNeutrinos

mainly produced within the hot and dense core, where the
density varies slowly with the radius. From the central
regions with supernuclear density the densityo0^ 8o14decreases down to nuclear density We deÐneo

c
^ 2.6o14.

the core atmosphere interface radius throughR
c

o(R
c
) \o

c
,

where km.R
c
B 10

2. Resonance layer is the region where(r \Rres).ÈThis
the (energy-dependent) resonance condition in equation (4)
is satisÐed. When the adiabaticity condition is ful-cZ 1
Ðlled, this is also the region of emission of the sterile neu-
trinos. In our simulation we have studied the range

namely, we have assumed that the reso-Rres/Rc
\ 0.8È1.8,

nance layer is close to the core-atmosphere interface.
3. Neutrino energy sphere main reactions(r \R

E
).ÈThe

through which the exchange energy with the stellar gasl6 qare NC scattering o† electrons and neutrino pair processes.
The neutrino energy sphere is deÐned as the region where
the undergo the last inelastic interaction with the back-l6 qground particles. For neutrinos mainly scatter o†r [R

E
,

nucleons. While this determines the neutrino transport
opacity, the amount of energy exchanged is negligible, so
that outside the energy sphere the neutrinos start being
thermally disconnected from the medium.

4. Neutrino transport sphere (neutrinosphere) (r \
is the layer with optical depth B1 which isR

T
).ÈThis

determined by the neutrino elastic cross section o†
nucleons. The cross section depends on the square of the
neutrino energy, and thus (as well as is an energy-R

T
R

E
)

dependent quantity. Since the initial asymmetryR
T

?Rres,generated at vanishes at because of multiple scat-Rres R
Tterings that completely redistribute the momentum direc-

tion of the unconverted For the neutrinos nol6 q. r [R
Tlonger undergo di†usion processes and freely escape from

the star.

The density and temperature proÐle for the PNS core and
atmosphere that have been used in our simulations are
given by simple analytical formulae. These expressions have
been chosen according to the following criteria : (1) they
approximately reproduce the proÐles resulting from
detailed numerical studies of the PNS evolution (Burrows
& Lattimer 1986) ; (2) they satisfy the physical requirements

that the decouple energetically with a spectral tem-l6 qperature MeV and around densitiesT (R
E
) B 8 o(R

E
)D 1012

g cm~3 ; and (3) they result in conservative estimates of the
overall asymmetry in the sterile neutrino emission. The
density proÐle is given by

o(r) \

4

5

6

0
0
o0
C
1 [

A
1 [

o
c

o0

BA r
R

c

BncD
if r ¹ R

c
,

o
c

AR
c

r
Bna

if r [ R
c

.
(7)

For suitable values of the exponents for the core andn
c

n
afor the atmosphere, this expression reproduces reasonably

well the results of a detailed numerical computation
(Burrows & Lattimer 1986), namely, a slowly varying
density for the core and a steeper proÐle(n

c
D 1, 2) Dr~na

(with for the atmosphere. In Figure 2 we depict an
a
D 3È5)

set of proÐles for di†erent values of and In our simula-n
c

n
a
.

tion we have used which gives an appreciablen
c
\ 2,

density variation inside the core. With respect to a milder
variation or to a constant proÐle, this is a conservative
choice, since it favors the outward di†usion of andl6 qreduces the probability of random crossings of the adiabatic
resonance region. For the atmosphere we used n

a
\ 4,

which enhances with respect to steeper proÐles the prob-
ability that some of the neutrinos will di†use back from the
atmosphere and cross the resonance region in the ““ wrong ÏÏ
direction.

For the temperature proÐle we assumed a simple model
with an isothermal core

T \
4
5
6

0
0
T0 if r ¹ R

c
,

T0
AR

c
r
BnT

if r [ R
c
,

(8)

with MeV (Burrows & Lattimer 1986) andT0\ 30 n
T

\ 1.
Since the are emitted with spectral temperatures close tol

sthe core temperature, larger values of would enhance theT0momentum asymmetry. During the early stage of the PNS
formation, the rapid deleptonization process produces

FIG. 2.ÈDensity proÐles in units of 1014 g cm~3 as a function of r/R
c
,

for di†erent values of the exponents and (see eq. [7]). The dark solidn
c

n
aline depicts the proÐle that was used in the simulations, and corresponds to

and the dashed line corresponds to and andn
c
\ 2 n

a
\ 4, n

c
\ 1 n

a
\ 3,

the light solid line corresponds to and The position of then
c
\ 2 n

a
\ 5.

core-atmosphere interface and the approximative positions of the(R
c
) l6 qenergy sphere and transport sphere are also shown.(R

E
) (R

T
)
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changes in the temperature on the timescale of hundreds of
milliseconds. In the Ðrst few seconds after core bounce, neu-
trinos are emitted predominantly from the outer regions
where the density is lower. Matter loses entropy, undergoes
compression, and the temperature increases to values much
larger than the central temperature. The temperature inver-
sion drives the heat Ñux toward the interior ; however, the
peak temperature reaches the central regions about 10 s
after core bounce, when most of the neutrinos have already
escaped from the core (Burrows & Lattimer 1986). Since the
neutrino opacity grows with the square of the energy, a
temperature inversion tends to keep the neutrinos trapped
in the inner regions, enhancing the probability for their
conversion. We have veriÐed that proÐles with temperature
inversion generally result in larger momentum asymmetries,
and thus the isothermal core represents a conservative
approximation. As regards the temperature proÐle for the
atmosphere, we assumed that it decreases with the radius as
1/r. With respect to steeper temperature gradients this again
favors the probability of ““ wrong ÏÏ back crossings of the
resonance.

The elastic scattering o† nucleons readsl6 q
dp

E
d cos h

\G
F
2El2
8n

(C1] C2 cos h) , (9)

where h is the scattering angle between the incoming and
outgoing neutrino directions, and the coefficients andC1depend on the neutrino-nucleon couplings averagedC2over the p and n number densities. For the PNS nuclear
matter the canonical values given byC

A
p \ [C

A
n \ 1.26

isospin invariance are modiÐed because of the contribution
of strange quarks to the nucleon spin. We use the values
C

V
n \ [1, C

V
p \ 1 [ 4sin2 #

W
^ 0.07, C

A
n B [1.15, C

A
p B

1.37 (Ra†elt & Seckel 1995 ; Keil, Janka, & Ra†elt 1995).
Using also for the relative abundances ofY

p
\ 1 [ Y

n
B 0.3

the nucleons, we obtain

C1 \ ;
N/n,p

Y
N
[(C

V
N)2] 3(C

A
N)2]B 5.2 , (10)

C2 \ ;
N/n,p

Y
N
[(C

V
N)2[ (C

A
N)2]B [0.8 . (11)

Equation (9) determines the transport opacity. Inelasticl6 qreactions where the energy exchange is of order unity, such
as neutrino-electron scattering and neutrino-pair processes,
give only a minor contribution to the total opacity.
However, they are responsible for keeping the neutrinos in
thermal equilibrium with the background, and determine
the relative positions of and We have assumed aR

T
R

E
.

relative rate between inelastic and elastic processes of the
order of 10%, so once every 10 scatterings we generate
again the neutrino energy according to the neutrino posi-
tion within the star and to the corresponding local tem-
perature. Since the emerge from the resonant layer withl6 qan overall momentum asymmetry equal and opposite to
that of the their thermalization and especially the redis-l

s
,

tribution of their momentum due to multiple scattering is
crucial for ensuring that the momentum asymmetry is leftl

sunbalanced.

5. RESULTS

Neutrinos are generated randomly inside the core with a
Fermi-Dirac distribution corresponding to a spectral tem-
perature MeV and zero chemical potential, and areT0\ 30
left di†using outward. Of course, the loss of due to con-l6 q

version into sterile neutrinos eventually builds up a non-
vanishing chemical potential. However, since our
simulation of the neutrino di†usion is static (that is, there is
no time evolution of the relevant parameters characterizing
the PNS model), this e†ect has been neglected. To study the
e†ect of the decentered magnetic dipole, we have run simu-
lations with d ranging between 0.1 and 0.6. We have also
studied the e†ect of moving the resonance layer from inside
the core keV) to three(Rres/Rc

\ 0.8, ores B 4.5o14, mls B 50
di†erent locations in the atmosphere, andRres/Rc

\ 1.3,1.5,
1.8 (the last value corresponds to ores B 0.25o14, mls B 12
keV). The reference value for the neutrino magnetic
moment has been Ðxed at (of course rescalingkl\ 10~12kBand B] B/k would leave the results unchanged)kl] kkland we have varied the magnetic Ðeld in the star interior
between 3] 1015 G and 8 ] 1015 G. The values of B corre-
spond to maximum values of the adiabaticity parameter at
the resonance surface in the range cB 3È12. In contrast,
owing to the anisotropies of the magnetic Ðeld, in the reso-
nance regions far from the dipole center, c> 1. Once the l6 qreach the resonance, the component of the magnetic Ðeld
transverse to the direction of propagation is computed, and
they are converted into with the appropriate transitionl

sprobability The escape from the star withoutPl6 qals. l
sinteracting further. The large di†erences in the spatial

values of c can result in huge anisotropies in the conversion
efficiency between di†erent points of the resonance layer, so
that the are preferentially emitted from one hemisphere.l

sIn computing the momentum asymmetry we havel
sneglected the e†ect of gravitational redshift. On the

opposite hemisphere, most of the are not converted ;l6 qhowever, further interactions with the medium wash out
their asymmetry almost completely. Of course, from regions
close to the core-atmosphere interface, some can scatterl6 qinward and resonantly convert when crossing the resonance
region, so that a certain number of will be emitted in thel

s““ wrong ÏÏ direction, thus reducing the overall asymmetry.
When the resonance lies inside the core, this e†ect is some-
what enhanced, since a sizable fraction of are produced inl6 qthe region Rres \ r \ R

c
.

The fractional asymmetry in the total momentum of the
neutrino emission needed to accelerate the remnant at a
velocity V is given by

*p
ptot

^ 0.03
A V
103 km s~1

BA Etot
3 ] 1053 ergs

BA M
1.5 M

_

B
, (12)

where is the total energy radiated in neutrinos and M isEtotthe PNS mass. Assuming equipartition of the total lumi-
nosity between the active Ñavors, we see that to explain
velocities of several hundreds of km s~1 the total asym-
metry in the momentum carried by the and by the sur-l

sviving should amount tol6 q [p(l
s
] l6 q) B 0.17ptot]B10%È20%. The results of di†erent simulations run with a

statistical sample of B4 ] 105 are presented in Table 1. Itl6 qis apparent that momentum asymmetries of the correct size
can be generated. From the table it is also possible to infer
the impact that the di†erent parameters have on the size of
the asymmetry. As expected, increasing the value of the
decentered parameter decreases the fractional number of l

sproduced. The overall asymmetry Ðrst increases ; however,
when the conversion efficiency decreases too much, the
asymmetry also gets reduced. If the resonance is inside the
core, the asymmetries are generally small. This is mainly
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TABLE 1

RESULTS

Rres/Rc
B d \ R

B
/R

c
N(l

s
)/N(l6 q] l

s
) *p

p
(l

s
) *p

p
(l6 q) *p

p
(l6 q ] l

s
)

0.8 . . . . . . 8] 1015 G(cmax ^ 3.3) 0.1 0.58 0.03 [0.001 0.02
0.2 0.43 0.06 [0.002 0.05
0.3 0.27 0.09 [0.004 0.04
0.5 0.08 0.14 [0.004 0.03

1.3 . . . . . . 6] 1015 G(cmax ^ 5.5) 0.2 0.57 0.11 [0.002 0.09
0.3 0.45 0.21 [0.010 0.15
0.4 0.33 0.29 [0.006 0.17
0.6 0.17 0.44 [0.004 0.17

1.5 . . . . . . 6] 1015 G(cmax ^ 11.3) 0.3 0.51 0.13 ]0.003 0.10
0.4 0.48 0.21 [0.005 0.16
0.5 0.44 0.27 [0.002 0.16
0.6 0.29 0.37 [0.002 0.21

1.5 . . . . . . 4] 1015 G(cmax ^ 5.0) 0.2 0.54 0.11 [0.005 0.09
0.3 0.44 0.19 ]0.001 0.12
0.4 0.37 0.26 [0.006 0.17
0.5 0.26 0.36 [0.003 0.15

1.8 . . . . . . 3] 1015 G(cmax ^ 7.0) 0.2 0.60 0.09 [0.011 0.07
0.3 0.58 0.12 ]0.006 0.09
0.4 0.43 0.22 ]0.003 0.15
0.6 0.28 0.39 ]0.006 0.10

NOTE.ÈResults of our simulations. Di†erent positions of the resonance layer have been studied : inside the
core and outside the core The values of the magnetic Ðeld are given in(Rres/Rc

\ 0.8) (Rres/Rc
\ 1.3, 1.5, 1.8).

the second column, together with the corresponding maximum value of the adiabaticity parameter c. In all the
simulations we have assumed The displacement of the magnetic dipole from the star centerkl\ 10~12kB.is listed in the third column, while the resulting overall efficiency for conversion into is given ind \R

B
/R

c
l6 q l

sthe fourth column. The momentum asymmetry for the for the unconverted and the overalll
s
, l6 q, l6 q] l

smomentum asymmetry are given in the last three columns, respectively.

because of the large number of ““ wrong ÏÏ crossing of the
resonance region, and to some extent also to the moderate
value of (larger values would require raising the mag-cmaxnetic Ðeld up to BB 1016 G). We stress that a crucial condi-
tion that has to be satisÐed to get large asymmetries is that
the adiabaticity parameter c should reach values sizably
larger than unity. In fact, if the mechanism is rathercmax D 1
inefficient, since only the with momentum almost orthog-l6 qonal to the magnetic Ðeld direction will convert. Besides
yielding a small conversion efficiency, this also implies that
the momenta of the emerging will be mainly orientedl

stangentially to the resonant layer and will not contribute to
build up an asymmetry. Only for a sizablecmaxZ 3È4,
momentum component in the radial direction can be gener-
ated.

If the resonance is just outside the region where most of
the neutrinos are produced asymmetries of the(Rres Z R

c
),

correct size are easily obtained. Because of the lower value
of the local density, this allows for larger values of andcmaxalso requires somewhat smaller magnetic Ðelds. However, if

internal magnetic Ðeld strength G iskl[ 10~12kB BZ 1015
needed in any case. Since the relevant combination that
determines the value of c is the product for largerkl B,
transition magnetic moments the required magnetic Ðelds
could be smaller by a factor of a few.

In spite of this, it is clear from our results that no obvious
correlation between the kick velocity and the magnetic Ðeld
strength can be expected. Similarly, any other correlation
pattern would be quite difficult to recognize. In fact, for a
given value of the neutrino transition magnetic moment klthe efficiency of the conversion is determined by a compli-
cated interplay between the position of the resonance layer

the value of the decentered parameter d, and theRres,strength of the magnetic Ðeld B. In some cases a large mag-

netic Ðeld together with a large value of d implies that c? 1
only in a relatively small region, thus lowering too much the
conversion efficiency and implying that the emission isl

smainly oriented tangentially to the resonance layer surface.
Larger conversion rates are produced by smaller values of
d, and sometimes this can also result in larger asymmetries.
The exact value of the core temperature can also a†ect the
results. For larger temperatures, about the same numbers of

will be produced, but with a higher spectral temperature.l
sThis e†ect tends to increase the asymmetry.
Finally, we should mention that since the emission isl

slikely to occur on a timescale much larger than the pulsar
rotational period at birth, the resulting momentum kick
would be averaged out proportionally to the cosine of the
angle between the spin axis and the magnetic axis. However,
even if we assume that the present orientation of the mag-
netic axis is representative of its orientation at birth, we
believe that it is not possible to predict any unambiguous
correlation between the pulsarsÏ velocities and their mag-
netic axis orientation, because of the large number of di†er-
ent parameters that concur to determine the overall e†ect.

In conclusion, we have shown that RSFP insidel6 q % l
sthe PNS core is able to account for pulsar natal kicks of the

required size. The crucial assumptions to achieve this result
are (1) the presence of sizable anisotropies in the PNS mag-
netic Ðeld conÐguration ; (2) internal magnetic Ðeld
strengths of the order of a few times 1015 G; (3) a sterile
neutrino with a mass of a few tens of keV and with a tran-
sition magnetic moment with an active Ñavor of the order of

The Ðrst two assumptions have already been dis-10~12kB.cussed in this paper, so let us comment brieÑy on the last
point. If all the active neutrinos have a mass satisfying the
cosmological limit eV, it would be somewhat compli-[100
cated to construct a particle physics model that realizes the
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third condition, since a large magnetic moment generally
implies rather large radiative contributions to the neutrino
masses. This problem was extensively addressed in the past,
and some clever solutions were proposed (Voloshin 1988 ;
Barbieri & Mohapatra 1989). We believe that a consistent
particle physics model yielding a large transition mag-l6 qÈl

snetic moment and a light can be constructed along thelqsame lines. Let us also mention that quite recently the
cosmological limits on neutrino masses have been revisited
under the hypothesis that the universe underwent a non-

trivial thermal evolution right before the nucleosynthesis
era (Deshpande et al. 1999). The result of this study opens
up the possibility that also could be of the order of a fewmlqtens of keV. Indeed this would render the whole picture
much more natural from the particle physics point of view.

We acknowledge E. Akhmedov for useful conversations
and M. Kachelriess for bringing to our attention the work
of Oberauer et al. (1993).
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