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Asymmetric neutrino emission due to neutrino-nucleon scatterings in supernova magnetic fields
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We derive the cross section of neutrino-nucleon scatterings in supernova magnetic fields, including weak-
magnetism and recoil corrections. Since the weak interaction violates parity, the scattering cross section
depends asymmetrically on the directions of the neutrino momenta with respect to the magnetic field; the origin
of pulsar kicks may be explained by the mechanism. An asymmetric neutrino emiasiift flux) due to
neutrino-nucleon scattering is absent at the leading level(pfzB/T), whereug is the nucleon magnetoB,
is the magnetic field strength, afids the matter temperature at a neutrino sphere. This is because at this level
the drift flux of the neutrinos is exactly canceled by that of the antineutrinos. Hence, the relevant asymmetry
in the neutrino emission is suppressed by a much smaller coeffici€d{ @§B/m), wherem is the nucleon
mass; a detailed form of the relevant drift flux is also derived from the scattering cross section, using a simple
diffusion approximation. It appears that the asymmetric neutrino emission is too small to induce the observed
pulsar kicks. However, we note the fact that the drift flux is proportional to the deviation of the neutrino
distribution function from the value of thermal equilibrium at the neutrino sphere. Since the deviation can be
large for nonelectron neutrinos, it is expected that there occurs a cancellation between the deviation and the
small suppression factor @(ugB/m). Using a simple parametrization, we show that the drift flux due to
neutrino-nucleon scattering may be comparable to the leading term due to beta processes with nucleons, which
has been estimated to give a relevant kick velocity when the magnetic field is as strong-ak00G.
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I. INTRODUCTION violation in the weak interaction can lead to asymmetric neu-
trino emission in the strongly magnetized neutron star matter
A core-collapse supernova explosion is one of the mostsee, e.g., Refd.13-15). Arras and Lai[14] have shown
spectacular events in astrophysics; 99% of its gravitationathat an asymmetric neutrino emissi@drift flux) that may
binding energy is released as neutrinos, with only 1% as thgive the pulsar kicks is mainly induced by charged-current
kinetic energy of a shock wave. Therefore, neutrinos play afteractions with nucleonsy.n—e p and vp—e*n, in

essential role in supernava explosions, and their detection agnetic fields. On the other hand, the asymmetric emission
ground-based large wateefznkov detectors, such as Super- ue to neutral-current interactionsN— N, is found to be

Kamiokande and the Sudbury Neutrino Observatory, woul rrelevant because its contributions cancel between neutrinos

provide valuable information on the nature of Neutrinos as, 4 antineutrinos. Further, the finding of Ritf4] is that the
well as supermnova physicesee Ref.[1], and references i iy exists only when the distribution deviates signifi-

therein. . . . . cantly from the value of thermal equilibrium. This result has
Be_cause of their dpmlnance In supermova energet'|cs, tr\ﬂvalidated the previous optimistic estimation that sufficient
heutrinos may also give “the SOIUt_'On to a long-standing asz'isymmetry can be obtained by multiple scatterings of neutri-
trophysical mystery, the “pulsar kicks.” Recent analyses of ¢ nycleons, slightly polarized by the magnetic field of
pulsar proper motion give a mean creation velocity of,qerate strength~10*? G) [15]. Their naive estimation

200-500 kms?! [2—6] with possibly a significant popula- h h hat th ‘ S
tion having velocity=1000 km s *. These values are much as shown t fat_t € asymmetry parameter or_npa/e ux-
would be sufficient for the observed pulsar kick velocity, if

greater than the velocities of their progenitors S 5 6
(~30 kms'1). A natural explanation for such high veloci- the magnetic field is very stron§~10-10° G.
In the present study, we focus on the effect of weak-

ties is that supernova explosions are asymmetric and providea netism and recoil corrections on neutrino-nucleon scat
kicks to nascent neutron stars. In this paper, we are corl™ .9 IS : lons utrinc-nu scat-

cerned with models in which the pulsar kicks arise from thetering (particularly v, -N and v, -N) in supernova mag-
magnetic field induced asymmetryneutrino emission from netic fields, which was not considered in previous
protoneutron stars. We do not deal with another type ofublications such as Refl14]. We expect that including
mechanism which relies on hydrodynamical instabilities inthese two corrections will change the previous conclusions,
the C0||apsed stellar CO{é—ll], |eading to asymmetric mat- Wthh are listed abOV.e, as TO”OWS. The Weak-magn.etism cor-
ter ejection and/or asymmetric neutrino emission. Concern[ectlon reduces antineutrino-nucleon cross sections com-
ing the latter mechanism, several numerical results gaveared to those of neutrino-nucleon scatteriag]. For this
rather negative resul{®,12]. reason, the cancellation of asymmetry betweerand v,
There are many past studies that have noted that paritwhich was shown in Ref14], does not occur at th®(k/m)
level, wherek is the neutrino energy anuh is the nucleon
mass. Although the drift flux due te-N scattering is sup-
*Email address: ando@utap.phys.s.u-tokyo.ac.jp pressed by a small factor @(k/m), this term may be as
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large as the term due to charged-current interactions between TABLE |. Coupling constants. Herg,~1.26, sif6,~0.23,
electron (antjneutrinos and nucleons. This is because thetp=1.793, andu,=—1.913.
drift flux is proportional to the deviations of distribution

functions from the value of thermal equilibrium at a neutrino  Reaction Cv Ca Fa
spherd 14].1 For x and 7 neutrinos, with which we are con- . Oa )
cerned in this study, the transport opacity primarily results YP—vp  3—2sirfy > 3 (pp— pn) = 2pSinP Gy

from v-N scattering, whereas energy exchange is due to elas-

tic v-e~ scattering whose cross sect?on is sgbstantially vn—vn -1 _%A — 5 (1p— Hn) = 2SIy
smaller. As a consequence, the decoupling layer is located at -

a much deeper region than the neutrino sphere and ther&"—¢€ P 1 9a Kp~ Hn

should be a large optical depth for the asymmetric flux to vep—e'n 1 9a Hp™ Hn

develop. On the other hand, for, and v., the difference
from equilibrium at the neutrino sphere is considered to be .

very small, owing to the dominant,n—e p and jep |t' does not affect the supernova dynarmcs guch as pulsar
—e*n reactions, which act as very efficient energy-Kicks, because they cannot be distinguished in supernovae.

exchanging and thermalizing reactions. Thus, although thdhus, there is no need to worry about the effects of neutrino
drift flux due tov. . andv. . is suppressed by a small co- oscillation on supernova dynamics. Several years ago,
. T T — Kusenko and Segr@1] proposed a very interesting mecha-
efficient of O(k/m) compared with that due ta. andve, we nism that the ulgar kicis r?’na be induied b neu?rino oscil-
believe that the large deviations from equilibrium for non- " P Y y .
electron neutrinos can counter the suppression factor. lation. U_nfortunately, as we have aIregdy noted above, this
Motivated by the above reasoning, we first derive themeqhanlsm .does not work u_nless we mtrpduce very heavy
cross section fop-N scattering in magnetic field by includ- sterile neutrinos, because with the experimentally inferred

ing the weak-magnetism and recoil corrections of scattereffarameters neutrino oscillation is strongly suppressed near

nucleons. In general, it is quite difficult to evaluate. How- the neutrino sphere. . _

ever, in the limit that the nucleons are nondegenerate, we can 1he remainder of this paper is organized as follows. In

present a simple form of the differential cross section, andP€C: !l, we derive a general formula for the matrix element

give a diffusion equation which enables us to discuss qualiand the cross section of theN scatterings by considering

tatively whether the effect we are tackling is important orthe weak-magnetism and recoil corrections. A more concrete

not. We show, as a result of the diffusion equation and dorm of the cross section is derived in Sec. Ill, based on the

simple parametrization, that the drift flux on which we con-reéasonable assumption that the nucleons are highly nonde-

centrate can contribute at a considerable level for reasonab@€nerate. In Sec. IV, using a simple diffusion approximation,

parameter choices. the drift flux due tov-N scatterings is given in a very simple
Throughout this paper, we do not consider the effect Off_orm_, and we discuss the implications of the diffusion equa-

neutrino oscillation, although recent atmosph¢ig], solar ~ fion in Sec. V.

[18], and reactor experimenf&9] have shown that the neu-

trinos have nonzero masses and mixings. This treatment is

justified because the flavor mixing between electron and the 1l. MATRIX ELEMENT AND DIFFERENTIAL CROSS

other flavor neutrinos is strongly suppressed by the matter SECTION

effect. Roughly speaking, efficient flavor conversion takes We consider neutrino-nucleon scatterings via the neutral
place at a so-called resonance region, where the condition 9

ne=Am? Gk is satisfied; however, at a much deeper regioncurrent interaction in magnetic fields. The us¥atA cur-

n.>Am?/G.k matter induced neutrino oscillation is highly rent is modified when the weak-magnetism correction is in-

suppressedsee, e.g., Refi20]). With the recently inferred cluded as

parametersAm? from the oscillation experiments, the reso-

nance region is located at a rather outer envelope such as v

O+ C or He layers; in the region around the neutrino sphere CyyHF |:2'U v —Ccay"y®, 1)

on which we are focusing in this study, the matter potential 2

strongly prevents electro@antneutrinos from mixing with

the other flavor(antijneutrinos. In other words, in suffi-

ciently deep regions in stars, electrantijneutrinos propa- Wwhereg*=k*— (k)" is the momentum transferred to the

gate as mass eigenstates. oand r flavor (antineutrinos, nucleon. We label the neutrino momentum kyand the

they are found maximally mixing with each other; however,nucleon momentum by; for the final state momenta, a
prime is attached. We summarize the values of couplings,
Cy,Ca, andF, in Table I.

N this paper, we use the term “neutrino sphere” as that above Since the weak-magnetism correction is at kite level,
which neutrinos freely stream out, while by terms such as “decouWe must also include the nucleon recoil correction of the
pling surface” we intend the surface within which neutrinos are same order. The initial and final states of the nucleon spinor
kept in thermal equilibrium. can then be expressed by
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— 1 5 s 0. Pi With these corrections, the matrix element felN scat-
uy(p)uy(p)= > (I=sy’y)| 1+ "+ Ey') tering is given, to the order dé/m, by
p3 5 0
o 1+ y ’ ’ 2
Sm 4 ( 4 ) |MSS'(Qaﬂ 1p!p )|2:|M(S(Q(Qaﬂ )|2
s' NS 1 ) 5.3 0 pil i +5|Mss/(919’,Q)|2
Un (P)UN (P =5 | (1=8"y?y)| 1+ y + - D
+ 6| Mg (Q,Q',P)|%,  (3)

!

rp3 5 0
s m7(1+7)

: )

wheres,s’ = +1 specify the initial and final nucleon spins WhereQ@=Kk/k andQ’'=k'/k’". |M 2(©,0Q")|? is the lead-
relative to the magnetic field axishree-axis. ing term already given in Refl14] by

GE . .
I MEQ,Q)[2= [+ 3R+ (Ch— CRAIQ- Q'+ 2ca(Cy+ ) (sQ+S' Q) - B 2c4(Cy— Ca)(SQ' +5'Q) - B

sg’

+s9{(c3—c2)(1+Q-Q')+4c2Q-BQ'-B}], (4)

5| M 45 (2,9Q',9)|? is the correction term aD(k/m), which depends on (=p’—p=k—k’) as well asQ andQ':
2

G . . .
Mg (Q,Q',0)]?= ﬁ[iZcA(c\ﬂr F2)q-(Q—Q")+2cp(cy+Fy)(s—s")q- B 2ca(cy+Fy)ss'q-B(Q'—Q)-B

+calCy+Fy)(s' —s)(q-QQ-B+q- Q' Q-B)Fey(cy+Fp)(s+5){(Q' X Q)xq}-B], (5)

and 6| M4 (Q,Q',P)|? is also the correction term &(k/m), which depends of® (=p+p’):

- G . . .
8| Megy (Q,Q',P)|?= ﬁ[ —{cZ+ci+(ci—c3)sSIP- (Q+Q')—2cyca(5+S')P-B—2¢2ss' P-B(Q+Q')-B—cyCa(S

+5)(P-QQ'-B+P-Q'Q-B)+ca(s' —s){(Q' X Q)X P}-B]. (6)

Here, the upper and lower signs represent the expressions fand .\ is the nucleon chemical potenti@xcluding the rest
neutrinos and antineutrinos, respectively; this notation ignass. In evaluating the momentum integral, we neglect the
kept throughout this paper. Note that we can explicitly check-andau levels of nucleons, and therefore the nucleon mo-
the time-reversal symmetry for the matrix elementmentum is a well-defined quantity. This is justified because
Mo (Q,Q',p,p')|?, by exchanging all the initial and final many Landau levels are occupied fqr the conqmons in a
state quantities, i.eQ—Q’, P—P, g——q, ands—s’. protoneutron star, and the change in the available phase
The differential cross sectiofper unit volumé can be SPace due to the Landau levels is negligible. By substituting

obtained from the matrix element through the expression EdS-(4)—(6) into Eq.(7), the »-N cross section in the mag-
netic fields can be calculated to the orderkéi. Equation

(7) is written in more convenient form as

dr k'2 d®p d¥p’
0! 3 J’ 3 3(217)464(p+k—p’ dr .
dk dQ (27T) ss (27T) (2’7T) dk,dQ’ =Ao(k,k',/.L')+5At(k,k’,,u,’)ﬂ~B
_k,)fN(l_f[’\l)|MSS’(Q1Q,1p1p’)|21 (7)

+0A; (kK1) Q- B+AT™M K )

wherefy=fy(E), fy=fn(E’), fn(E) is the nucleon distri- + oBYMk k' ) Q-B+ sCYM(k k' ' )Q'-B
bution function with energye given by (k) (kk.n?) '
C)

1 ®) whereu'=Q-Q'. Ay and SA.. are the terms that include
exd (E—un)/T]+1’ the matrix elementM (0,07 |2

ss’

fN(E)=
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where Sy(qo,q) and 8Ss¢(qg,q) can be derived from the
“nuclear

Ao(k,k’,u’)=( o
X So(0o, ), (10
SA.Q B+ 5AIQ’-I§: 90,02
X 8Ss¢(do,a), (11)

response  function” Ss¢(qg,d)=Se(qo,q)

+ 8S5¢(qp,q) defined by

Sus (0.0 |

d3p dBp/
(2m)* (2m)°

—K) (1= ). (12)

(2m)48*(p+k—p’

So(Qo,q) is the leading term wheB=0, andéS;¢(qg,q) is

the correction arising from nonzei which can be simpli-

fied, for smallB compared to temperaturguB/T<1), to

be

mT 1 1+e X
SO(qOIq): 27Tq 1_e_z n 1+e_X0_Z ) (13)
m2T SX
0Ssg = — (14

27q (g0+1)(1+e 0%’

with the parameters given by

The detailed derivations of these relations have already been
discussed in Ref.14], and we refer the reader to the litera-

, %0 _(Go=a2m)?®  py
T 0 4T(g%/2m) T
B 2m 2m
_He2 qo)s+<1— qos’”.
2T q2 q2

(19

ture. The terms includingy’™, sB8WM, and sC"M, which
are smaller tha\, and 5A.. by the factork/m, are calcu-
lated by

AYM+ sBYMQ. B+ 6CWMQ' B

- (277)3 s,s’

12

>

6|M SS’(Qiﬂ, 7q)|2{SO(qO vq)

3pr

(27 )3 (2m)®

(2m)*5*

+6Ss¢ (o, A)} + J'

X(p+k—p’' =k ) (1= )| M (Q,Q,P)?],

(16)
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where in the second term we cannot take the matrix element
out of the integral because it dependsposndp’, unlike that
in the first term, which depends ap=k—k’.

Equations(10), (11), and(16) are quite difficult to evalu-
ate at this stage. However, we can calculate them by assum-
ing that the nucleons are nondegenerate, as we show in the
next section. In fact, this assumption appears to be appropri-
ate, because the asymmetric drift flux can develop only when
the neutrino distribution deviates from thermal equilibrium;
this occurs in the regime where nucleons are nondegenerate.

III. NONDEGENERATE NUCLEON LIMIT

For nondegenerate nucleons, the characteristic neutrino
energy transfer in each scattering is of ordgr-k(T/m)*?
<k. The cross section peaks sharply arolmerk, and we
can evaluaté\,,5A. , AY'M, 6BWM, andsCM, in a series
of the small parameterT{m)*?. We define the dimension-
less quantities

€=

4(1-p')T]H? k'—k
T} C T T an

where the range afi is from — 1/e to . Using the expan-
sions of the momentum integrals given in the Appendix, we
obtain the following expressions:

T 27\ [ (a—a?2m)’
So(do.a) = 2mq" | T3 EXF{—W
20 2 Kk , ,
i e 1—5 1+T)Eu+6u +0(€) ],
(18)
12
A= (ZT)SZGE[C\2/+3C§+(C\2/—CE\)M’]
X Sp(do.q), (19
12
5A+:(:7T)3 GﬁcA'uTiB CViZCAn;—gO)
X (0o, q), (20
12 2
A= (: )34,,?] (2t c2) zq(mm

*calcyt+Fo)a-(Q'— Q)l So(do,q), (21

k'2 2G2 ugB

sBWM= —
2w m T

MGy
4CAF2_2k_ 2CA(2CV
q

MGy

mT m
+F2)?q~ﬂ’i|4ci?(l qo

T

—cy(cy+ Fz)] qﬂ’lso(qo,q), (22)
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2 2 where 6f, and 6f/ denote the deviation of the neutrino dis-
k's 2Gg ugB mdp - L o .
SCWM= 3T 7| ACaFa— K tribution function from the value of thermal equilibrium, i.e.,
(2m) q sf,=f,— ) The coefficients off, and 5f’ are
mdo
~2ea(2ev ) oA Clk,k')=e %/T(1— )+, (26)

mT maop
:{4c,§—2(1—¥q§
q Tq

—cy(Cy T+ Fz)] q-Q

D(k,k')=—[e %/Tf0" 1§07, (27)

The nonlinear terms which are proportional 36,5f !, were

So(90.9), (23 dropped since we consider the regime where the deviation

from thermal equilibriumsf , is relatively small(the regime

where the diffusion approximation is valid

For the purpose of examining the macroscopic conse-

quence of the asymmetric cross section, we expand the neu-
' trino distribution function in spherical harmonics up to di-

pole order as

where all of them are expressed bynde instead ofgy, and
g, through relations such ag,=k—k'=—euk and g=k
—k'=kQ—k(1+eu)Q’. In deriving the expressions above
we have used the equatiefn'T=n(273/m°T3)Y? which is
valid whenB=0, to relate the nucleon chemical potential

uy to its number density (the corrections due to finite are

of orderB?). These expressions are valid under the condi- of ,(k)=g(k) +3Q-h(k), (28)
tions T<m, k<(mNY? ugB<T, and k=k,,

= ugB(M/T)¥2=10"?|g|B1,T Y2 MeV. All these condi-
tions are satisfied for the case of interest in our study. Unlik
the previous publicatiohl14], we must keep in the brackets
of S, the O(e*) terms although we did not explicitly show
them in Eq.(18). This is because they are necessary for th
evaluation of the drift flux, which is suppressed at the

whereg(k) is the spherically symmetric deviation from the
eequilibrium, andh(k) represents the dipole deviation that
leads to the flux. These quantitigék) andh(k) are related
eto the energy density and the flux through the relations

O(k/m) level compared with the leading term. k2dQ k3
Thus, we have derived a useful form of the differential Uy(k)=f Skt =[Pk +9(k)]
cross section of neutrino-nucleon scattering, which enables (2m) 2m
us to discuss the parity violating effect of the neutral-current K3
weak interaction related to pulsar kicks. At first sight, how- = UED(k)+ —q(k), (29)
ever, these equations are still too complicated to obtain an 2m?

intuitive implication for the asymmetric neutrino emission in

the supernova magnetic field. Therefore, in the remainder of 5 5
this paper, we derive a simple diffusion equation with which E (k):J k“d€) K — k h(k) 30
we can see how large drift flux is obtained. More delicate v 2m)3 vogn2

treatment using numerical simulations is beyond the scope of

this study; it is slated for future work.

where the quantity with superscript RlBermi-Dirag repre-
sents the value in the case of thermal equilibrium.

IV. DIFFUSION EQUATION FOR A DRIFT FLUX The first moment of Eq(25) yields

The Boltzmann equation for neutrino transport is written
in the form dQ [of (k)

SC’

} =Vox V2 +sVy'M= oviM+ svg VM
sc

af,(k)
at

+Q-ny(k)=[ o (24

+ sVBWM (31

where we include the collision term due to scattering alone;

. . A : where the subscript “0” ofV and 6V represents that the
effects of absorption are not considered in this section. Thgy g are the same for neutrinos and antineutrinos, while
collision term in Eq.(24) can be written by the following

int r141 “ =" indicates that the sign of each term is different for
integral[14]: neutrinos and antineutrinos. The teig contributes at the
leading level, whereas the quantities with superscript™

af (k) o . ar e “WM,” and “B,WM” are suppressed by factors of
{ at LC: fo dk fdﬂ dK’ Q,[C(k’k )ot, O(ugB/T), O(T/m), and O(ugB/m), respectively. As a
result of lengthy calculation&letails are given in Refl14]),
+D(k,k")of,], (25 each term is written as

063002-5



SHIN'ICHIRO ANDO PHYSICAL REVIEW D 68, 063002 (2003

2G2K? 4G ugB af (Y
Vo=——_—n(ci+5ci)h, (32 5viWM=———§%—n5§rc§ 69(1—2f(") — 68—~
2¢(0)
2k
_ 2_ v _of(0)y .
12k e }g+ 34(1-2f5")+ T
AGZK® ugB d 2
B__ TUFC HBD o 1 5c(0) 95 69T| dg o 17T %9
oVZ 3, N Ca(1-26,0g+T— 1B, (33 ko2 a1—2f55+—?-k @
g
+4k?’T—|B. (37)
k3
2GZk?
VM= - n—-|—3«£+3e@(1—2ﬁ9) _ _ . _ .
T m Since the sign of th®©(ugB/T) term is opposite for neutri-
) nos and antineutrinos, there occurs cancellation of the drift
5(c2 4 9¢2 T 2(c2 4 52 ké’ L flux at this level. Hence, the leading drift flux due teN
+5(cy+9Ch) +2(cy+5ck—p scattering is suppressed by a very small coefficient of
O(ugB/m).
6T\ o 52h When we discuss the terms that depend on quantities such
+2c3| 1—2f+ < k%+20§kT% , asdh/ ok, dh/ 9k?, we use the lowest order expression fior
i.e.,
(34)
1 0
h(k)=—7—V[fP(k) +g(k)], (38)
3KO
2GEK*
wy_ 16GEK® Kk K=~z —N(Cy+5Ch). (39
SV = — 37 nacA(chL F,)h, (35
In this and the following expressions for the diffusion equa-
tions, we drop the time derivative term; it corresponds to a
rapid redistribution of matter temperature, whose time scale
212 is of the order of the mean free path divided by the speed of
SyBWM_ _ 4Ggk JpeB K 26,4 5F,)(1—2f©)  lightc much smaller than the neutrino diffusion time of the
o - 97 T mCA (—2cy 2)( v star. In addition, we assume that all the quantities except for

h, such ag,f(?), are the same for neutrinos and antineutri-
0f(V°) T nos. All these assumptions are considered to be quite appli-
+2chW]g—[cv(l—Zf(VO))+(ZcV—5F2)E cable, because the discrepancy caused by them is further
suppressed to the extent in which we are not interested. With
the above assumptions, we take the first moment of the Bolt-

B, (36) zmann equatiori24), and obtain the explicit expression for

the neutrino plus antineutrino flux,+F,:

g 9%
X k% — CVkT%

o0 20
1210+ |k

( 6T

d (VU (k) @ [VU,(k)
@( )”T%(

2 ) @)
Fu(k)+Fy(K) == 3= (1=0D) VU, (0 +

Ko Ko

|

B, (40)

J 52
+| eMsU (k) + e@Pk—=6U (k) + €Pk?>— 86U (k)
dk k2

wheres™) and 5?) are small numbers d(k/m), ande™®, €2, ande® are those 0D (ugB/m); they are given in concrete
form by
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sW=— —3(c3+3c3)(1-2fO =2 " 6314+ —
m ¢2+5¢3 (Gu+3ca) v 3m T (c2+5c2)2] Y k
T of(® 34T
—5(cy+9ch) +2(ci+5c)k——|, (4] +oye| 5+ = — |~ 2c(ch+5ep)f
2 2 T
—F,(5cy+ CA)E , (44)
(2 dneB _CvCa (45)
3m 2 2"
4k Ci cy+5cy
Q)= .
g 3M 2+ 502’ (42) As expected and already pointed out by Arras and[[L4],
ViETTA the drift flux, which is along the direction of the magnetic
field B, is absent at orde®(ugB/T); the leading term of the
relevant drift flux is atO(ugB/m) as shown in Eq(40).
V. DISCUSSION AND CONCLUSION
Neutrinos carry away almost all the energy released by
D= 4_k ©eB Ca (2¢ (02+17c2) gravitational collapse of a supernova core3x 10 erg,
3m T (c2+5c3)2 ViRV A which is~100 times the momentum associated with the spa-

tial motion of pulsars. Therefore, 1% anisotropy in the mo-
—F(5¢2+c3)}(1- 2y~ 2¢y(c2+5c2) mentum distribution of the outgoing neutrinos would suffice
) to account for the observed kick velocities. From E4),
‘7f_v 43) the kick due tov-N scatterings is characterized by the frac-
ak

Xk ,
tional momentum asymmetry factor

(us]

fwdkf R2(K)dQ[F,(k)+F,(k)]-
0

)

Asc™ —
f dkf Ri(k)dQ[Fy(k)ﬂ—F;(k)]-
0

f mdkRﬁ( K[ eV 6U (k) + ePk(al ok) U ,(K) + ePk2( 9?1 k?) U (k)]
== _ , (46
fo dKR(K)(2/3k0)[dU,(K)/dr], s

whereR,(k) represents the radius of the neutrino sphere obetween neutrinos and nucleons is inefficient. Thus, the de-
energyk. To evaluate the value af.. we must be careful, coupling surface, within which neutrinos are kept in thermal
because the numerator of E@6) containssU, which is  equilibrium by the subdominant energy exchange processes
difficult to estimate without numerical simulations. However, such alNN—NNvv, e"e” < vv, andve ve, is located at

we believe, for nonelectron neutrinos and antineutrinos thaé much deeper region than the neutrino sphere; it should lead
this deviationsU , can be large, which may cancel the small to a rather large deviatioaU (k).

factorse("). This is because of the following fact. The elec- While a detailed study using numerical calculations is not
tron neutrinos and antineutrinos are kept in thermal equilibgiven in the present paper, we simply compare our new drift
rium slightly within the neutrino sphere by beta processesterm in Eq.(40) with the previously derived drift term due to
veNese p and?ep<—>e*n; leading to very little difference absorption[14]. According to Arras and Laj14], the drift

from thermal equilibriumsU vo ., L the neutrino sphere. In flux due to the absorptionen—ep is described by

contrast, forv,, and?w the main source for the opacity is _ s * (abs) A
vN—vN reactions. However, since the nucleon mass is drift— _ o €absdU, (K)B, (47)
much larger than the relevant temperatures, energy exchange ¢ 3kg
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where k(0= k% (@094 o ki (@0S)= , (ADS) 7 4+ @(1, =K/ - with

2

x(B09— ?F(k+ My —Mg)2ny(c2+3c2)[ 1 fo(k+my—my)], (48)
1 eB ci—ci  ca(catcCy) ug B T
€ — = -
T2 (k+ m,—my)? cy+3ci  ci+3cy T kimy—my
K+m,—m, ca(Catcy) ugnB _calCa—Cy) ugB
X| 1+ fo(k+m,—m 2 49
T el n™ M) ci+3cz T ci+3ca T “9

In order to compare the difference between the drift flux due-td scattering and that due to absorption, we define the
q uantity Rsc/absby

2 J dk eMsuU b (K)+ €@k (alok) sU b (K)+ eB3(%19k?) sU v (K]
0

Rsc/abs o ) (50
f k(5 36 e 3U, (K)
O e

which is the ratio of the asymmetric fluxes due to scatteringscattering, for a considerable area in parameter space of
and absorption. The factor 2 in the numerator represents th@rgﬂ,Tiﬂ). In particular, the results are comparable to the
the drift flux due to scattering mainly comes from two-flavor effect of the charged-current interactions, whE is ex-
(x and ) neutrinos, whereas that due to absorption is retremely close to the temperature at the neutrino sphere, and
lated only to electron neutrinos. More precisé®j(k) must this situation may actually be realized. Thus, we cannot ne-
be included in the integral, but for simplicity we neglect it. In glect the effect ofv-N scattering even though at the leading
order to evaluat®..,,s We need a further assumption con- order it is canceled between neutrinos and antineutrinos; it
cerning the energy densitiei;ve andUVM. Here we param- may give considerable contribution to the asymmetric neu-
etrize them using the “effective temperaturgs” andTiﬁ as trino emission, in addition to the charged-current interac-
follows: tions. Whether we can actually obtain the observed pulsar
kicks from this mechanism is beyond the scope of this study,
kK1
U, (k)= 2 T (51) 8

k3

u Vﬂ(k) = 2—772 _ff_ek/.l_i 1 (52 7

where for further simplicityTs" and T are assumed to be __

independent ok. As the other parameters at the neutrino %

sphere, we takd =3 MeV, p=102gcm 3, andY.=0.3, =

and the reactionéscattering and absorptipwith neutrons —

alone are considered. B
Figure 1 shows a contour map for the valueRy, s =

which is projected againdig" andT¢". As discussed above,

we believe that the value dﬁﬁ is very close to the tempera-

ture at the neutrino sphef8 MeV); on the other hand, we 4

takeTfLff to the extremely high value 8 MeV, though it may

be unlikely to be realizedl This figure clearly shows that a

significant part of the drift flux can be attributed tg, ,-N 3

-
.

3.2 3.3 3.4 3.5
Teft [MeV]
20f course, taking too high a value for the effective temperature

violates the diffusion approximation, but we believe that it still  FIG. 1. Contour map for the value . .,sprojected against
gives some useful implications. T and TS".
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and it is a subject for a future numerical study.

In this paper, we have derived the cross sections-bf
scattering in strong magnetic fields, including weak-
magnetism and recoil corrections. Since neutrino interactions
are described by the theory of weak interactions which vio-
late parity, an asymmetric neutrino emissi@rift flux) is
induced, and it may give the origin of pulsar kicks. The drift
flux due tov-N scattering is suppressed at &€ ugB/m)
level, because the leading contribution is canceled between
neutrinos and antineutrinos. However, since the drift flux is
proportional to the deviation of the neutrino energy density
from the value of thermal equilibriundU, and it can be
large for nonelectron neutrinos, it can cancel the small sup-
pression factor oO(ugB/m). We have shown that the drift
flux due tov-N scattering may be comparable to the leading
term due to beta processes with nucleons. It is expected to
give a non-negligible effect for inducing relevant pulsar
kicks.

PHYSICAL REVIEW 68, 063002 (2003

Here we change variables fromto E= —sugB+ p%/2m in
the remaining integral; this gives

3 2

mqfw dE[q _a B(s—s')
2mq® e | 2m P

XINE)1-fN(E+Qo)]

2

= 2 a0 5~ 1eB(5—5') | Sux (G0,
q2 qO 2m Iu’B g q01q1
(A4)
[do+0?/2m— ugB(s—s')]?
Emin=—ugBs+t .

4(g?/2m)
(AS)

Note that the last form of EqA4) contains the integral that
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APPENDIX: DERIVATION OF DIFFERENTIAL CROSS
SECTION

In this section, we derive the differential cross section
Egs. (18)—(23) from the more general form Eqg&10), (11),
and(16), in the case of nondegenerate nucleons.

We do not give the discussion for deriving the detailed
form for the nucleon response functi®y , because it has
already been discussed in REE4], and we basically follow
that method in deriving the remaining part. Our interest here
is concerned with the momentum integral which incluées

ie., where

d3 d3 ’
fﬁ(27‘:)3<2w>464<p+k—p'—k')fN<1—f'N>P,

(A1)

which appears in the second term in the right hand side of
Eq. (16). For the term includingp, we first used3p’ to
integrate overs®(p+qg—p’) and then integrate over the azi-
muthal angle fomp, resulting in

q

% 1
mfo a0’ | dpnd(aot E-ENINEN 1~ F(ED)]

with  u=p-g/pqg and E’'=-—ugBs +(p+qg)%/2m=

— ugBs' + (p?+ 9%+ 2pgu)/2m. Care must be taken to cor-
rectly integrate over the energy-conservation delta function
with coordinatew; the integral is nonzero only if the argu-
ment of the delta function is zero fare (—1,1). This con-
dition ©?<1 is rewritten in the following expression for mo-
mentump:

o2
Qo+ ﬁ_MBB(S_ s’)

miq (=
[ e
2mq3JE,

XEn(E"—go)[1—fn(E')]

mg q° ,
=5 |dot 5, #eB(s—S')

- Sse (o, Q),

(A6)

~ m? (=
S (0. = 57 |, OE/T(E' [ L~ Fu(E")]

(A7)

!

B+ [do+q%/2m— ugB(s—s')]?
min— ~ MB .

492/2m

(A8)

From this point on, we sho@ss, =S,y for nondegenerate
nucleons. We first define the dimensionless variablés

(A2) =(E'—pun)/T andz=0qy/T; the integral yields
% (00.0) meT (= | L 1
4 ) = X ’ ’
04" 2mg X\ €771/ | 1+e7X
mT 1 1+e Xmint?
= In ;
27Tq 1-e? 1+e Xmin
(A9)

p2=p2 = do—0a%/2m— ugB(s—s')|?

=~ Mmin™ q/m (AS)
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Xpnin=Xo+ OX’, L 1+e %otz 1
n ! = ’ !
(Qot+q22m)2  uy 1-e % | 1+e% (1+e*7?)(1+e %)
T aT(fem) T ,
(q ) :eon:exp{g
—ugB 2m 2m
ox'= L + % s+|1- qos’ . 2 2
2T q? q? B (go—Qq*/2m) (A12)
(A10) 4T(g22m) |

Note thatox' is identical toox [Eq. (15)], which already  This last form is the same as that of H&9) in Ref. [14],
appeared in deriving the nucleon response function.dor which is theS,y limit for nondegenerate nucleons, guaran-

<1, S;y can be written as a sum &, the zero field value, teeing the relatiorsy = Ses in the nondegenerate nucleon

and S,y , the correction due to the magnetic field, i.e.,  limit.
Hence, we obtain the expression for the momentum inte-
See(00.9)=S5(00,9) + 6Ss5 (4o, q), gral which includesP as follows:
o d3p d3p/
= m’T 1 1+e 0'* f— (2m)* st (p+k—p’ —K)f(1—f{)P
So(do,q) = 274 1—e*2|n 1te " ) (2m)® (2m)® §
2mq )

- m?T o = —[do— 1gB(s—5")]Sss (4o, ). (A13)
5855’(q01q):_ q

27q (1+eX0%)(1+e %) _ _
(A1) The nuclear response functi®g (qo,q) can be easily ex-
panded bye using the same method given in REf4], lead-
In the limit of nondegenerate nucleons wijify, /T<—1 and ing to Eq.(18). Thus, all the expressions of Eq4.9)—(23)

exp(uy /T =27 ImT3)Yn, we find are also obtained.
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