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Pulsar Velocities and Neutrino Oscillations
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Neutrino oscillations, biased by the magnetic field, alter the shape of the neutrinosphere in a cooling
protoneutron star emerging from the supernova collapse. The resulting anisotropy in the momentum
of outgoing neutrinos can be the origin of the observed proper motions of pulsars. The connection
between the pulsar velocities and neutrino oscillations results in a prediction ferrthetrino mass of
m(v,) ~ 100 eV. [S0031-9007(96)01814-5]

PACS numbers: 97.60.Gb, 14.60.Pq, 98.70.Rz

It is well known that rotating magnetized neutron starsposition of the resonance of the — v, oscillations is
pulsars, exhibit rapid proper motions [1,2] characterizedaffected by the magnetlc field and depends on the rela-
by space velocities that range in the hundreds of kilometive orientation ofB andk [8]. Therefore the effective
ters per second. Born in a supernova explosion, a pukeutrinosphere (or, “neutrinosurface,” to be more precise)
sar may receive a substantial “kick” velocity due to theis not concentric with the electron neutrinosphere (and,
asymmetries in the collapse, explosion, and the neutrinin fact, is not a sphere). The neutrinos that escape in
emission affected by convection [3,4]. Evolution of closethe direction of magnetic field have, therefore, a different
binary systems may also produce rapidly moving pulsarsemperature from those emitted in the opposite direction.
[5]. Alternatively, it was argued [6] that the pulsar may be They carry away different momenta, thereby creating an
accelerated during the first few months after the supernovasymmetry in good quantitative agreement with the data.
explosion by its electromagnetic radiation, the asymmetryve will show that this mechanism may be the origin of
resulting from the magnetic dipole moment being inclinedthe proper motions of pulsars.
to the rotation axis and offset from the center of the star. In a recent analysis of a sample of 99 pulsars, Lyne and
Most of these mechanisms, however, have difficulties extorimer [1] concluded that the space velocity of pulsars
plaining the magnitudes of pulsar spatial velocities, whichat birth has a mean value 60 = 90 kms™!. Typical
can be as great as 1000 ksnand have an average value pulsars have masses in the range frb0M, to 1.5Mo,
of 450 knys [1]. (A recent study [4] shows, however, whereM, is the solar mass [9]. The momenta associated
that a kick velocity of this magnitude can be achieved in
an asymmetric collapse.)

In this Letter we suggest an explanation for the birth
velocities of the neutron stars based on asymmetric
emission of neutrinos due to neutrino oscillations. We
also show that the distribution of pulsar velocities can
yield information about neutrino masses.

The basic idea is the following. Neutrinos emitted
during the cooling of a protoneutron star have total
momentum, roughly, 100 times the momentum of the
proper motion of the pulsar. A 1% anisotropy in the
neutrino distribution would result in a kick velocity
consistent with observation. In the dense neutron star an
electron neutrinop,, has a shorter mean free path than
vu, V-, Or any of the antineutrinos. If one of the latter,
e.g., v;, undergoes a resonant oscillation intg, above
the = neutrinosphere but below the neutrinosphere, it FIG. 1. If the resonant oscillations. — ». takes blace
will be absorbed by the medium. Therefore, gféective etween the  electron neutrinosphére‘f, ‘and tha? of
7 neutrinosphere in this case is determined by the point o VDT, and 7,,S,, then the effective 7 neutri-
resonance (Fig. 1). nosphere coincides with the surface of resonasée,. The

Itis known that the electromagnetic properties of a neutatter is affected by the magnetic field. Therefore, the
trino propagatlng in medium, in a longitudinal magnetic neutrinos emitted in different directions come from the regions

of different temperatures. The resulting anisotropy in the
field B are different from those in a vacuum [7]. The momentum of the outgoing neutrinos can be the origin of the

effective neutrino self-energy has a contribution proporysar kick velocity, whose magnitude depends on the magnetic
tional to(B - k) wherek is the neutrino momentum. The field.
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with the proper motion of pulsars are therefore of orderThe last term in Eq. (1) arises due to the effective
k, = (1.2 = 0.4) X 10¥ gcm/s. The energy carried off interaction of neutrinos with the charged particles in
by neutrinos in a supernova explosion is estimated to béhe background and does not depend on the size of the
~3 X 10°* erg [10]. Sincep, = E, (We set/i = ¢ =  neutrino magnetic dipole moment.]

1), this corresponds to the sum of the magnitudes of the If the resonant conversion of. into v, occurs at some
neutrino momenta=10* gcm/s. Comparing this with point between the neutrinosphere and the electron neu-
k,, we conclude that a few percent asymmetry in thetrinosphere, ther neutrinos produced inside the “reso-
distribution of the outgoing neutrinos is sufficient to give nance sphere” (i.e., closer to the center than the point of
the pulsar a kick velocity=450 kms™!. the resonance) will turn inter,’s and will be absorbed

The average energy of the neutrinos emitted durindthermalized) by the medium. Theneutrinos produced
the cooling of the protoneutron star depends on thdy the v, — v, oscillations will escape with the energy
temperature of the neutrinosphere [10], defined as thdetermined by the temperature at the resonance point.
surface where the optical deptM; dr/A,, becomes of Of course,r neutrinos produced outside the resonance
order 1. Neutrinos of different types have, in generalsphere will also escape, but there is no effective mech-
different neutrinospheres because of the difference imanism for copious production of neutrinos outside the
the mean free pathA, « 1/0,. Roughly speaking, neutrinosphere, where the matter density is small. The
one can consider the inside of the neutrinosphere to bsurface of resonance points for tlre — v, oscillations
opaque for neutrinos, while the outside is transparenthecomes the effective neutrinosphere. Since the last
Electron neutrinos have both charged and neutral currenérm in (1) depends on the relative orientationkaind B,
interactions; they scatter off electrons, positrons, andhe resonant oscillations occur at different densities for the
nucleons, as well as being absorbed [11] in the reactioneutrinos going in different directions. The corresponding
ven — e p. On the other handu and 7 neutrinos difference in temperatures will result in the asymmetry
and antineutrinos can only scatter elastically, via neutrajhat gives the neutron star a kick in the direction of the
currents, at MeV temperatures. (The electron antineutrinehagnetic field.

v, can scatter and be absorbed in the process — In the absence of the magnetic field, the resonance will
e*n, so its opacity starts out close to thatmf and then  occur at a distance, from the center if

decreases to, roughly, that of, and». as the density of

protons decreases.) Am? co20 = 272G N, (ro)k . (2)

This difference in scattering cross sections gives rise
e oe it o he o v ih densty 5010 g/ and he secon by
vicinity of the electron neutrinosphere, where the densit)fat'o Ye ~ 01, thenz, for a small mixing angleym has_ to
is 101102 g/cm3. Consequently, the neutrinosphere be of order 10 eVH, 1\%hlch corre_sponds to @ neutrino
lies deeper inside the protoneutron star than the electrdf@Ss 0f100(p/107)" eV, consistent with the current
neutrinosphere. As a result, theneutrinos escape from experimental limits [15]. This s close to the limit on stable

a deeper layer of the star, where the temperature is highef€utrino masses imposed by cosmological constraints,

and their mean energy exceeds thavgs by about 50%. "» < 92 €V (Qh) [16], although the mixed dark matter
We now consider neutrino oscillations. For defi- models favor a lower mass range [17] for stable neutrinos.

niteness. we discuss two flavors., and ». with  Larger values of mass have been considered for unstable
1 e T y

Am? = m?(v,) — m*(v,) = m*(v,) > m(v,) =0 and ¥7S [18]. _— . . .

small mixing. We will also assume that — »,, oscilla- The oscillations are adiabatic as long as the density

tions take place in the Sun, while the transitﬁa,n—» v, N.(r9) and the magnetic field can be considered constant

occurs at a much higher matter density. We leave a mor@Ver the oscillation length,,

careful analysis of the neutrino mass matrix consistent 1 Am? -1
lose sin26 =~

If o is to lie between the two neutrinospheres, where

1 cm
S

2 2k

3)

with all experimental data for future publication [13].

As was_shown in Ref. [8], the neutrinos of energy
E = k = |k| propagating in the degenerate electron gag-or a wide range of mixing angleg,. is much smaller
of the charge density, = n.- — n.+, in magnetic field than the scale on which the density changes are notice-

B, undergo a resonant oscillation if able, so the oscillations can, in fact, be treated as adia-
/3> = bati
Am? eGr (3N, \ "k - B atic.
700520 = V2GgN, + TZF( 77_4> Y (1) In the presence of the magnetic field, the condition
_ _ o . (1) is satisfied at different distances from the center,
whered is the neutrino mixing angle in vacuum. depending on the value of tHé& - B) term in (1). The

[We emphasize the difference between these chiralitygyrace of the resonance is, therefore,
preserving oscillations and the spin and flavor precession
of neutrinos in magnetic field studied, e.g., in Ref. [14]. r(¢) =ry + 5cosp, ()]
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where cog = (k - B)/k and & is determined by the Ak/k to be of order 0.01, can be explained by the values
equation of B~ 3 X 10" G.

AN, (r) 3N 1/3 The magnetic fields at the surface of the neutron stars
2———=8 =~ e( j) B (5) are estimated to be of order 9-10'® G [9]. However, a
dr ™ magnetic field inside the pulsar may be as high a¥ @
This yields [9,19]. The existence of such a strong magnetic field is
AT AN, (r) suggested by the dynamics of formation of the neutron
{7 ) B dr stars, by the stability of the poloidal magnetic field outside

the pulsar, as well as by the fact that the only star whose

_ [ EHe B dN,(r) (6) surface field is well studied, the Sun, has magnetic field
272 dr ’ below the surface which is £darger than that outside.

(This strong magnetic field causes the sun spots when it

~ 2 1/3 . . .
where u, = 37°N,)"/" is the chemical potential of the penetrates the surface.)

degenerate (relativistic) electron gas. o -
We now estimate the size of the kick velocity from Magnetic fields of order 18 G inside the neutron star

the effect just described. As was established in thecanthemselves lead to asymmetric neutrino flux by the cre-

beginning, a few percent asymmetry in the momentunflO" (.)f heutron star analog of sun spots. This phen_om—
enon is discussed in the context of strongly magnetized

distribution of neutrinos is necessary to explain the
observed pulsar velocities. Approximately6 of the n;:: gggr:nz?rrlgiEi‘lie%usn%?ﬂe?r\)\?e;? %gezggofg]éﬁégtssggg
total energy is carried off by each of the neutrino specie ecome important [21]. We emphasize that the magnetic

[10]'. Integration over the _angle_s @ - B) gives a faptor fields relevant for these effects are an order of magnitude
1/2 if the magnetic field is uniform. (The latter is, of higher than those considered in the present work.

course, a simplification.) 'The asymmetry in the third It is clear from Eg. (10) that the deformations of the
component of momentum is, therefore, neutrinosphere due to neutrino oscillations biased by the

Ak 1 1 T*rg — 8) — T*(ro + ) magnetic field can result in the asymmetry of the neutrino

k 6 2 T4(rg) flux necessary to give the pulsar a kick velocity consistent
2 1 dT with the data.

~3IT ar 0, (7) In our calculations, we have assumed that the tempera-

ture distribution is not affected significantly by the position

¥f the resonance. This assumption is well justified because

‘only the neutrinosphere of one out of six (anti-)neutrino

species depends on the resonance, while the temperature
Ak e dT B 8 profile is determined by the emission of all six. How-
k372 n dN, |’ (8) ever, the increase of the heat drain in the vicinity of the

wheren = u,/T is the degeneracy parameter of the elec_effectiver neutrinosphere makes the temperature gradient

- . _ “larger. This effect further increases the ratio (10). We

Z;?ZN He_:% V!ZI cltslg'?e t{;}i 'ggrr;\t/'gi% Cﬁg)/(é‘;N\e/\l/e‘ZL)Sg the have also neglected the deviations from thermal equilib-
relation between the density and the temperature for theom In a cooling protoneutron star. A detalled_ analysis
relativistic Eermi aas of the heat transport equations, though clearly important,

gas, 5 is beyond the scope of this Letter.
N. =2 d’p 1 ) According to Eg. (10), the birth velocities of neutron

¢ Q2m)3 eP—m/T + 1~ stars are proportional to the magnetic field at the effective
Differentiating the right-hand side with respectTowe  neutrinosphere. However, the direction of the proper
obtaindN, /dT = (2/3)T?n, for largey. (This asymp- Mmotion of a pulsar need not be correlated with its angular
totic expression is accurate to three significant digitgnomentum, because of the inclination of the magnetic field
for n >5.) We observe that for a degenerate rela-to the rotation axis and its possible offset from the center.

where we have assumed a black-body radiation luminosit
« T* for the effective neutrinosphere. Using the expres
sion (6) for§, we obtain

tivistic electron gagn > 1) the productn(dT/dN,) =  Thisis alsoin good agreement with the observations which
1.50/T2, independent of). Finally, the ratio in (8) is find no correlation between the space velocities and the
Ak B 3 MeV 2 B linear polarizatio_n of radio _emissiqn [22]. Ina separate
— = 0.015— = 0.01 ( > ( m ) paper [23], we discuss the implications of our mechanism
k r r 3 X106 (10) for the correlation between the magnetic fields and the

magnitudes of pulsar velocities.

During the cooling stage of the protoneutron star, the In conclusion, we have described a new explanation for
7 neutrinos come out with the average energi0 MeV  the birth velocities of pulsars, which is in good agreement
[10], which corresponds to the temperature=e3 MeV.  with the observational data. It presupposes, as we have
We see that the observed pulsar velocities, which requirstated, a= neutrino mass of about 100 eV for small mix-
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ing. [A more complex realization of our mechanism may [9] See, e.g., M. Ruderman, Annu. Rev. Astron. Astrophys.
allow for smallerm(»,) [13].] The surprising connec- 10, 427 (1972); R. N. Manchester and J. H. TayPulsars
tion between the proper motions of pulsars and neutrino  (W.H. Freeman and Co., San Francisco, 1977); F.G.
oscillations provides a new astrophysical “laboratory” for ~ Smith, Pulsars (Cambridge University Press, Cambridge,
neutrino physics. Measurements of the space velocities of ~ 1977): V.M. Lipunov, Astrophysics of Neutron Stars
pulsars can yield information about the neutrino masses in (Esnrgr'gsegzsigﬁgh ,\#re(;,:/nYl\c/)lg(ént?gi)d il.emfosr?aggﬁ%;
Lheeut:'?r?c?(ce)rv(\igllfigelfe?(l;)réﬁmgnltgéccesable to either solar University of Chicago Press, Chicago, 1992).
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