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Weak magnetism for antineutrinos in supernovae
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Weak magnetism increases antineutrino mean free paths in core collapse supernovae. The parity violating
interference between axial vector and vector currents makes antineutrino-nucleon cross sections smaller than
those for neutrinos. We calculate simple, exact correction factors to include recoil and weak magnetism in
supernova simulations. Weak magnetism may significantly increase the neutrino energy flux. We calculate, in
a diffusion approximation, an increase of order 15% in the total energy flux for temperatures near 10 MeV. This
should raise the neutrino luminosity. Weak magnetism also changes the emitted spectsutwithi x= w or
7) and?e. We estimate tha?X will be emitted about 7% hotter than, because?X have longer mean free
paths. Likewise weak magnetism may increase%temperature by of order 10%. This increase in tempera-
ture coupled with the increase in neutrino luminosity should increase the heating in the low density region
outside of the neutrino sphere. This, in turn, could be important for the success of an explosion. It is important
to check our results with a full simulation that includes Boltzmann neutrino transport and weak magnetism

corrections.
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I. INTRODUCTION also changes the rate of antineutrino capture in the neutrino

driven wind above a protoneutron star. This may change the
Core collapse supernovae are dominated by neutrinoglectron fractiorY, (ratio of electrons or protons to barygns
therefore many supernova properties may depend on the nand nucleosynthesis yields in the wif@l9].
ture of neutrino-nucleon interactions. This provides an op- However, to confirm this change ¥, one should per-
portunity to study characteristic symmetries and features oform supernova simulations including weak magnetism be-

the standard model weak interactions. Supernovae may preayse this may change the neutrino luminosities and emitted
vide macroscopic manifestations of charge conjugdtiod]  gpecira which will also impact,. In this paper, we present

or paritt1y vliokIJation[3—5]. hiah _ _ _ I simple formulas so that these corrections can be incorporated
In the laboratory at high energies, antineutrino-nucleon, qim 1ations. We also give estimates of the change in emit-

cross sections are SySte’.“?“Ca"y smaller than NeUNGey electron antineutrino spectrum and the differences ex-
nucleon cross sections. This is related to charge conjugatio

and parity violation in the standard model. Nevertheless[!)]ecuad between the spectrum of mu or tau antineutrinos and

. ; . heutrinos.
most core collapse supernova simulations still usestirae The reduction in opacities from recoil and weak maane
lowest order cross sectiothoy/d() for both neutrinos and P 9

antineutrinos: tism should increase luminosities of both neutrinos and an-
' tineutrinos as more energy is transported to the neutrino

don G2 sphere. This could increase heating behind the shock and

0 i i -

IO W[cf(lJrcose)+c§(3—cosa)]. (1  more than compensate for the smaller antineutrino absorp

tion cross section. Weak magnetism should also reduce the
cooling from positron capture on neutrons further increasing
Here k is the (incoming neutrino energyg the scattering the net heating behind the shock. These changes in heating
angle, and the vectar, and axial vectorc, coupling con-  could make a simulation more likely to explode.
stants are listed in Table I. Finally, weak magnetism allows mu and tau antineutrinos
In this paper, we discuss free space corrections toHq. to escape the star faster than mu and tau neutrinos. This
from nucleon recoil, weak magnetism, strange quarks andhould lead to a large muon numiiaumber of mu neutrinos
single nucleon form factors. These corrections may be imminus antineutringsor tau number of up to 8 for the hot
portant for supernova simulations because they are present@totoneutron stafl]. This is accompanied by a nonzero
all densities. In contrast, the density dependent nucleon cochemical potential for mu and tau neutrinos.
relations discussed K] and[7] are important only at very Accurate treatments of neutrino transport are now feasible
high densities, well inside the neutrino sphere. based on the Boltzmann equatiph0]. Therefore, it is im-
Electron antineutrinos were detected from supernovgortant to systematically improve neutrino opacities. In Sec.
1987A via their capture on protons. Weak magnetism reducel$, we catalog a number of possible opacity corrections.
this cross section and impacts the deduced neutron star bind- In Sec. Ill, we present exact neutrino-nucleon cross sec-
ing energy and antineutrino temperature. Weak magnetisrtions for both charged and neutral currents. These are accu-
rate to all orders irk/M wherek is the neutrino energy and
M the nucleon mass. We also present corrections from single
*Email address: charlie@iucf.indiana.edu nucleon form factors and strange quark contributions in the
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TABLE I. Coupling constants. Herg,~1.260, siR 6,~0.2325, #p=1.793 andu,= —1.913.

Reaction C, Ca Fo

1 , 1 ,
vp— vp 572 sirf 6,,~0.035 9./2~0.630 5 (p=mn) =2 Sir? Ouip~1.019

1 1
vn—wn -3 —g,/2~—0.630 = 5 (up=ptn) =2 Sirf 6, u,~—0.963
n—e

e P 1 ga~1.260 jip— iy ~3.706
vghp—en

nucleon. In Sec. IV we discuss recoil and weak magnetisntic scattering from nuclei. However, these nuclei have strong
corrections to mu and tau neutrino, energy and lepton numcoulomb interactions and form a strongly correlated classi-
ber fluxes, and spectra. Section V discusses corrections faal liquid. The correlations between ions can greatly reduce
electron antineutrinos. We also discuss possible changes the opacity for low energy neutrinos that have wavelengths
electron fractionY, and heating rates. Finally, we conclude comparable to the distance between ions. This correction is
in Sec. VI that these weak magnetism and recoil correctionsnodel independent because the Coulomb interaction is
should be incorporated in future supernova simulations.  known. For example, Ref.11] calculated the exact static
structure factor of the ions with a simple Monte Carlo simu-
lation. In principle, Coulomb correlations are also present for
neutrino electron scatterir{d 2].

Recently, accurate numerical algorithms have been devel- Corrections 6—13 depend on the model used for the
oped to solve the Boltzmann equation for neutrino transpor8trong interactions between nucleons. The mean field ap-
[10]. The high accuracy of these simulations now warrantdroximation, 6, is perhaps the simplest way to treat the in-

systematic improvements in the neutrino opacities. Thereteractions. Nonrelativistic mean field models incorporate
fore, we discuss a number of opacity corrections. mean field effects in the density of states with an effective

The corrections listed in Table 1l can be divided into two Mass. Relativistic mean field models have both Lorentz sca-

main groups. Numbers 1 through 5 are classified as modéar an_d ve<_:t0r mean fields and the scalar field changes the
independent because they can be calculated exactly and dffective Dirac mass. N . .
independent of the model used to describe dense matter. In It iS important that the opacities be consistent with the
contrast, corrections 6 through 13 are model dependent. N&Rodel used for the equation of statEOS. This can be
only do these corrections depend on the model, but it i§chieved by using linear response theld§] to calculate the
important that these corrections be consistent with the equd@SPonse of the medium to a neutrino probe. The random-
tion of state.

Corrections 1, phase space, and 2, matrix element are per- TABLE II. Corrections tov opacities.
haps the simplest. These are the only ones that are presentif :
the limit of very low densities. They represent more accurate Correction
calculations of free space neutrino-nucleon scattering. B
phase space we mean corrections from ¢healue of the
reaction such as the neutron-proton mass difference or be-
cause the outgoing neutrino momentum is slightly different
from the incoming momentum.

In this paper we focus on number 2, corrections to the
matrix element. Recoil corrections, 2a, arise because the
nucleon is not infinity heavy and recoils slightly from the 3. ) ) o
neutrino. Weak magnetism, 2b, arises from the parity violat# ~ Fermi/thermal motion of initial nucleons
ing interference between the weak magnetic moment of &  Coulomb interactions
nucleon and its axial vector current. Weak magnetism is im6- ~ Mean field effects
portant because it has opposite sign for neutrinos and an- NN Correlations in RPA
tineutrinos. Thus weak magnetism increases the opacity fo#. NN Correlations beyond RPA
neutrinos and decreases the opacity for antineutrinos. 9. Meson exchange currents

The first effects of the dense medium are 3, Pauli blockingl0.  Other components such as hyperons
of some outgoing nucleon or electron states, and 4, the Fermil.  Other phases such as meson condensates or quark matter
or thermal motion of the initial nucleon or electron. These12. Corrections from superfluid/ superconductor pairing
can be calculated exactly. The final model independent cort3.  Nonuniform matter
rection in Table Il is 5, Coulomb corrections. If heavy nuclei 14.  Magnetic field effects
are present, the opacity may be dominated by coherent elas

II. CORRECTIONS TO NEUTRINO OPACITIES

Phase space
Matrix element
recoil

weak magnetism
form factors
strange quarks
Pauli blocking

oo oW
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phase approximatiofRPA) or sum of ring diagrams pro- 7=[1+e(1-x)]" %, 3
vides the linear response of a mean field theory ground state.

Therefore, if one uses a mean field EOS and calculates th&ith x=cosé.

opacities in RPA, where the RPA effective interaction is the We expect corrections to depend on the small parameter,
same as that used for the EOS, then the opacities and EOS

will be consistent. For example, the relativistic RPA opacities e=k/M. 4
of Ref.[6] are consistent with their mean field EOS. To the first order irg,

We note that the nonrelativistic calculations of Burrows
and Sawyef7] include corrections 1, 3—7 however they do k'~k[1—e(1-x)]. )

not contain any matrix element correction, 2. Likewise the
relativistic RPA calculations d#6] contain corrections 1, 3—7

and 2a recoil but do not contain most of 2b weak magnetism‘.a
In the present paper we discuss weak magnetism corrections.

If one uses the phase space withbut still uses the matrix
lement forM — then Eq.(1) becomes,

21,12

In later work we will incorporate these into full nonrelativ- dopS:G K [c2(1+x)+c3(3—X)], (6)
istic and relativistic RPA calculations. dQ 442 " é

There are manyNN correlations beyond a simple RPA
approximation, 8, for example those responsible for _ @ 2 &
NN« NNvv [15]. In addition there are meson exchange cur- da 7
rent corrections, 9. The Stony Brook group has done some
work calculating corrections from hyperons or other strange ~ %[1_ 2e(1-x)] @)
hadron components, 1@8]. More work could be done cal- dQ '

;ﬁgg‘g o?%iﬂggsmgt;ewelsfn condensates or other eXOtI\%Ve note _that Burrows and Sawyer’s wdrK| in t_he limit of
If superfluid or superconducting phases are present thef@W densities reduces wor,s/d), see Appendix A.
will be pairing corrections to the opacity, 12. These can be
important for the late time cooling of a neutron sfa6] or
perhaps if there is a color superconducting phidsd. Fi- If one evaluates the matrix element to first ordeeiand
nally there could be important corrections to opacities inincludes the phase space corrections one has,
nonuniform matter, 13, for example in the low density pasta
phases present in a neutron star inner crust or for a nonuni- dor %[1—3e 1-%)] ©
form meson condensafé4]. dQ  dQ ( '
All of the above assumed magnetic fields do not play ) o )
important roles. If magnetic fields are important, they could?Ve note that the full recoil correction in E€) is 50% larger
substantially complicate the opacity, 14, see for exampldhan that fordo,s/d() in Eq. (8). Equation(9) still neglects
[19]. Magnetic fields might be important in jets or to break the parity violating interference between axial and vector

B. Recaoil

the spatial symmetry to explain neutron star ki€8s-5). currents. This interference is dominated by weak magnetism.
To conclude this section, now that accurate neutrino trans- .
port is possible, it is important to systematically improve the C. Weak magnetism

neutrino opacities. One should include weak magnetism and The full weak vector currend,, has Dirac ¢,) and Pauli

other free space corrections along with the many density deor tensor £,) contributions,

pendent effects. Furthermore, these free space corrections

can be included exactly and without any model dependence. io,,9"
2M

Ju.=Cyv,TF, (10

III. NEUTRINO NUCLEON SCATTERING
_ _ . . ~ where q,U«:kM_k,:L is the momentum transfered to the
In this section we discuss recoil, weak magnetismpycleon. The weak curred, is related by CVQconserved
nucleon form factor, and strange quark corrections to thgector currentto the electromagnetic current. Therefore the
zeroth order cross section, EG). Then we present differ- |arge anomalous magnetic moments of the proton and neu-
ential, transport and total cross sections that are exact to ajlon give rise to a largé,. The couplingsc, and F, are
orders in the neutrino energy over the nucleon md&4. collected in Table 1.
The cross section to the first ordereéris,
A. Phase space

. ) dO' d(TO 4Ca(CU+F2)
Perhaps the simplest correction comes from the phase IOV 1+| == 5 —-3le(1-x)|,
space of the scattered lepton because its enktgig less C,(1+Xx)+C3(3-X)
than the incident enerdy If we use full relativistic kinemat- (11
Lﬁzrl:or the nucleon and we assume it is originally at rest, ith plus sign forv and minus sign fow. Weak magnetism

increasess and decreases, while recoil decreases both
kK'=k/[1+e(1—X)]= 7k, (2 and v cross sections. Therefore weak magnetism and recoil
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corrections approximately cancel forbut add forv. Note, _ 2k? ) )

Burrowset al.[20], see also for example1], include weak To= 1 (¢, +3c3), (17)
magnetism for the charged currents but neglect it for neutral

currents. Equatioll) is a good approximation fos. How-  while the correction factor from just phase space is,

ever it can become negative for largenergies. To cure this

) - . do
ps
problem we include corrections to all ordersen O'pszf - dQ = ooRys(K), (18)
D. Exact cross section
Th t t be calculated, see[a Rk = ¢ 2= 2 In(1+26)|+c2 =t
e exact cross section can be calculated, see = —— _
o ps(K)=1 Gy g ~ gz In(1+2e) 1+ c; e(1+2e)
21,2
47 _ S | e - a1 1 2 2.2
dQ  4x v + 2_e2|n(1+ 2e) (cs+3cy), (19
+CA[1+ 7°+ n(1=x)]= 2¢4(c, +F2)(1- 77) L
5 R 1 4/ c;+5cy o 2) 20
e ~l-—Z| 5—F=|et+ e’).
725 (1-0[F3E-X) +4c,Fo(1-0)] . (12) P* T Bleg+3e;
5 The exact result is,
In general the~5 andc,F, terms are small because they
only enter at ordee?. However, their inclusion is important T
to ensure a positive cross section at high energies. Note, o= @dQ:UOR(k)’ (21)
Schinde considers the,c, term but neglected alf, contri-
butions[23]. 16 4 \2
R(k)=[c§ 1+4e+ §e2 +3c2[ 1+ 3
E. Nucleon form factors
The finite size of the nucleon can be included in E®) +4(c,+F,)cae| 1+ ie + §chze2
by using appropriate form factors, 3 3
Fo—F2(Q?), >, 2\ 5 2, an2 3
+§e 1+§e F5 [(c,+3cy)(1+2e)7],
c,—C,(Q%), (13 22)
2
Cc,—C , —
a—Ca(Q7) c2+5c2+2(c,+Fy)c, )
. R(k)=1-2 e+0(e9).
that are functions of the four momentum transfer squared, c2+3c2
(23
Q%*=—0q2=2K?n(1—-X). (14)
1.1+ ' I ' I ' I ' ! R
For example, forven—e™p, t _
""" _
Ca(Qz) ~0a/(1+ QZ/M ,%‘)2: (15 - \'\\‘"\""*-»,..-...u-,‘.- ]

. . 09 L "»\\ “~\__ ~~~~~ -
with g,~1.26 and the axial masd ,~1 GeV. Form factors ’ T ——— i
only enter at ordee?. They reduce the cross section by about < 0.8 TN R
10% atk~100 MeV, and even less at lower energies. How-& \\\
ever, for completeness we include simple parametrizations o 0-7_‘ T TSSL ]
the form factors in Appendix B. Because the corrections are 0.6L T el ]
so small, we will ignore the form factors in the rest of this -l ‘\\\ j
paper. 0.5F T

F. Total charged current cross section T S R 8|0 100
The opacity forv, from charge current reactions depends k (MeV)
on the total cross section fo,n—ep, FIG. 1. FactoR(k) that corrects the total charged current cross
d section for weak magnetism and recoil, E§2), versus neutrino
o= _‘TdQ (16) energyk. Solid line is for neutrinos, dashed line is for antineutrinos
dQ ' and the dot-dashed line includes only phase space corrections, Eq.
(19). Also shown as dotted lines are the corresponding lowest order
The zeroth order result is, correction factors, Eqg20) and (23).
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For?e using Table I this is G. Neutral current transport cross section

For mu and tau neutrinos the scattering opacity depends

R;e~1—7.22b (24) on the transport cross section,
while for v, we have, do

Ut:Jde(l—X). (26)
R, ~1+10k. (25)

Note, strictly speaking this is true only in the limkt =k

We note the main effect of weak magnetism and recoil is tonevertheless Eq26) provides a good estimate whénh~k.

reduce thev, opacity by the large amount in E(R4). For a The zeroth order transport cross section is
typical neutrino energk~(E)~20 MeV this is a 15% re-
duction. . G**2
The full correction factoR(k), is plotted in Fig. 1 along oo=———3(c,+5C3). (27)

with the lowest order forms in Eq&24),(25). We see that the
lowest order is fine for neutrinos but fails for antineutrinos The transport cross section including only phase space cor-

above about 50 MeV. rections is
ohs= ToRpe(K), (28)
(1+e) 2 2e+(2e?—e—1)In(1+2e) 2
t _) A2 _ = 2 Z (2 2
Rps(k)—[cv = In(1+2e) . +cy S(1+20) 3(CU+SCa), (29
2¢?+14c2
t v a 2
~1l—|—F—>|e+ .
Rps~1 cf+50§ e+ 0(e%) (30
Finally the exact transport cross section is
o'=ofRY(k), (32)
SRR 0 +3+12e+9e2—1Oe3 P L 10e®+27e*+ 18e+3
(=] | gez i+ 2e)t = oes |6 27 N1H28) "5 50y
2+10e 28
*(c,+F 1I 1+2 ' +§e +c,F 1I 1+2 2( 3+ 15+ 227
+(C,+F2)Cq| 2In( e)—w ¢,Fy 2In(1+2e)— 3 o152
cr L in(14 26y 2822 1%3 2 (2452 32
2| 22N+ 200t g 1203 ETAR 82
—(3c¢%+21c?)+8(c, +F,)c
Rt~1+( (3, - 272 e+ 0(e?). (33)
c,+5¢c;

The full correction, Eq(32), is plotted in Fig. 2. Corrections not contribute tcec,(Q?=0) because the nucleon has no net
for v—n are very close to those far—p elastic scattering. strangeness. However boBy(Q?=0) andc,(Q?=0) can
We also plot the lowest order result, E®3). This fails for  be modified. Parity violating electron scattering constrains
antineutrinos at high energies. F, [24]. In this section we concentrate an becauseF,
only contributes at ordet/M.
Strange quark contributions are assumed to be isoscalar
while the dominant contribution to, is isovector. Therefore,
Neutrino nucleon elastic scattering is sensitive to possiblstrange quarks are expected to increase the cross section for
strange quark contributions in the nucleon. Strange quarks de— p scattering and decrease that for n. We write,

H. Strange quark contributions

043001-5



C. J. HOROWITZ PHYSICAL REVIEW D 65 043001

1 - T - . T - T - chemical potentials. We then calculate the increase invthe
L - and v, energy flux because of weak magnetism and recoil.
sl This should increase the neutrino luminosities. Finally we
) examine corrections to the emitted spectrawgf,v, and
I v,,v.. We show that thev,,v, are expected to be hotter
0.6 thanv, ,v, because of weak magnetism.
v | For simplicity, we neglect charged muons. These could
04l play some role at very high densities and or temperatures.
) Without muons, our results are identical for muon and tau
- neutrinos. Therefore, we write, in this section wherex
021 could beu or 7.
. | . N . ! A. Lepton number currents
0 50 100 150 200

k (MeV) We start by considering high densities, well inside the
. ) neutrino sphere, where a simple diffusion approximation is
FIG. 2. FactorR'(k), that corrects transport cross sections for y5lid. Earlier work[1,2] calculated the lepton number cur-

weak magnetism and recoil, E(R2), versus neutrino enerdy The  rant 1o first order ine=k/m. We extend this work to all
upper thick solid line is fown— vn while the upper thin solid line orders

is for vp— vp. The corresponding lower solid curves are for an-
tineutrino scattering while the dotted curves give lowest order re-
sults, Eq.(33). kg

A(k)= Noj2

The transport mean free path forva of energyk is,

. Rk’ =
Ca(QZZO): E(iga_ QZ), (34)
with the zeroth order mean free patly evaluated at an ar-

with g,=1.26 and the plus sign far— p and the minus sign bitrary reference energyy,

for v—n scattering. The strange quark contributigh is
expected to be negative or zero. The best limit comes from a No=[oo(ko)pal ™, (38)
Brookhavenv— p scattering experimen22]. We assume
< andp,, is the neutron number density. Note, for simplicity we
g,~—0.1+0.1. (35 assume pure neutron mattét,=0. Because the correction
s ) factorR! , Eq.(32), is so similar forv—p andv»—n scatter-
A better measurement @, from a laboratory experiment ing our results are not expected to change muchfor 0.

would be very useful. The lepton number current far, in a simple diffusion
We make a simple estimate of strange quark effects Star'iipproximation is

ing from the zeroth order transport cross section in 24).
We consider the neutral current opacity for a mixture of neu-

3
trons and protons of electron fractiofy. For simplicity we 3 :_J d°k )‘(k)V* 1 . (39
setc,=0 for v—p scattering. The ratio of the opacity with " (2m)° 3 " lt+exd(k—u,)/T]
g; to that withg3=0 is,

. 5[g§+(g§)2]+109393(1—2Ye)+1—Ye Hereu, is the neutrino chemical potential. FE{ we have,
S(0a)= 5gZ+1-Y, ' ;
(36) - ko 1
MK)=Nojz —— (40

—.
Forgi=—0.2, Srepresents a 21% reduction in the opacity R(k)

at Y,=0.1 or a 15% reduction a¥.=0.2. Thus strange o _

quarks could reduce opacities by 10-20%. Note, strangé&his is now longer than (k) because of the different weak

quarks do not contribute to charged current interactions. magnetism correction factol%t;< R! . The v, lepton number
current has the same form as Kg9) with ., replaced by

IV. MUON AND TAU NEUTRINOS — My,

X

In this section, we use the weak magnetism and recoil
corrections for transport cross sections, E3p) to discuss . d3k N(K) - 1
muon and tau neutrino properties in supernovae. First, we ijz—f 2m° 3 V1+ex;{(k+ VT
examine muon and tau lepton number currents. Because neu- Kov,
trinos now have shorter mean free paths than antineutrinos,
there will be netv, and v, densities and nonzerg, andv,  The total lepton number current is,

(41
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FIG. 3. Muon or tau neutrino chemical potential over tempera-
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22+ e

*m18f
= 1.6f
14+

1.2

10 20 30 50

T MeV)

40

FIG. 4. Ratio of the full energy flux ob, and7X neutrinos

turew, /T versusT for matter in steady state equilibrium. The solid including weak magnetism and recdj to the energy flux without

line is the full result from the solution to E¢43) while the dashed
line is correct to lowest order ik/M and u/T, Eq. (44).

AokaV

62

J' dk 1
o R, 1+exp(k—u, )/T]

(42

fwdk 1
o RE1+exd (k+u, )/T]|

If J#0 the lepton number of the staxumber ofy,—number

weak magnetism and reco]E versus temperature. The solid line is
the full result Eq.(46) over Eq.(47). The dashed line neglects the
neutrino chemical potentiak, in Eg. (46) and corresponds to
my, =a=0.

B. Energy flux
We calculate the energy flux carried by by multiplying
the integrand in Eq(39) by k,

= d3k A(k)€ k 45
8 (2m)3 3 T 1qek-u )T (45

We use Eq(44) for p, ~uo=aT? with a=5.m°/6M and

of 7X) will rapidly change. This buildup in lepton number add the?X energy flux. We assume the temperatiirdias

gives rise to a nonzero chemical potenuiaJx.

Reference[1] argued that the system rapidly reaches

steady state equilibrium whede=J, —J, =0. We numeri-
cally solve for the chemical potentigad,,X S0 that,

foc dk 1 _foc dk 1
0 R(K) 1+ e®#) Jo Ri(k) 1+ e )T

(43

This is shown in Fig. 3 as a function @f. This chemical
potential insuregd=0.
If we expand Eq.(43) to first order inu, /T and use

R!(k) and Rt;(k) expanded to the first order ikYM one
reproduces the lowest order chemical pgtof Ref.[1],

Sem? T?

Moy =~ Ho="5

6 M’ (44)

with 8.=8(c,+F,)c,/(c?+5¢c2)~3.30 for v—n scatter-

ing. The lowest ordep, is seen in Fig. 3 to be an excellent

approximation to the exact result evenTat 80 MeV. Note,
this nonzerow, can lead to muon numbénumber ofv,,

only a radial dependence so that,

Je=35 +3°

_ Nok§dT] focdk( - kz)
B 6 W 0 R_E} a 1__2
X(e(k/T)faT_i_eaT*k/T_i_ 2)*l+ Jmﬂ( k_z_ak
o RHT?
X(e(k/T)+aT+e—aT—k/T+ 2)—1 . (46)

In the absence of weak magnetism and recoil corrections,
oy, =0 and the energy flux becomes,

k2

Aok? dT w
070 f dk—z(ek’T+e KT12)-1,
0

== — 4

67 dr (7
In Fig. 4 we plot the ratio of the full energy current with
weak magnetism and recoil to the zeroth order re!;fylt]g.
We see that weak magnetism and recoil substantially en-
hances the energy fluXhis should raise the neutrino lumi-

minus number o¥,,) or tau number for the protoneutron star nosity of the protoneutron star. At a temperature of 30 MeV

as large as 19 [1].

the enhancement is over 50%.
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Many supernova simulations combimg and v, into one We next assume the, propagate through a scattering
effective species. In this approximation, =0. Therefore, ~atmosphere of optical depth,
we evaluatelg in Eq. (46) while settinga=0. This would K2
correspond to using @eometrig average for the correction (k)= 708 (K). (49)
factor, 12Tgs "

1 Here 74 is the thermally averaged optical depth in the ab-
Ry 1=2[(R) -1+ (RYH 1], 48 sence of recoil and weak magnetism corrections. Raffelt as-
(R) 2[( ) (R “8) sumes a Boltzmann distribution for the initial thermalized
neutrinos for which(k?)=12T2. Note, the optical depth is
— _ 0 i the thickness of the scattering atmosphere in units of the
Tor bOthh Vx ar}dovx. r:/_Ve_sebe thaﬂE(ah_O)r/]‘]E 'S Isllghtly . Ienergy dependent mean free path. A valuerf 30 corre-
arger thanJg/Jg. This is ecause the ¢ emlca_ potentia sponds to one typical simulatidas).
somewhat reduces the numberofand hence their energy  Raffelt calculates the survival probabilig(r(k)) for a v,
current. Even soJg(a=0) is a much better approximation of energyk to make it through the atmosphere and escape.

thanJg. Otherwise it is assumed to be scattered back to the energy
sphere and absorbed. A fit to Rg25] Monte Carlo results
C. Spectrum 1S,
The above lepton number and energy fluxes are based cgl =1+ § o
a diffusion approximation. This is valid inside the neutrino>" ~|~" 27
sphere whera is much less than the size of the system. We
i i i ; 0.033
now discuss weak magnetism and recoil corrections to the «|1— (50)
emittedv, and v, spectra. We will use a simple Monte Carlo 1+1.51,+0.19°+0.51,+0.32°)

model of Raffelt[25] to estimate the emitted spectra. We

emphasize that this simple model should be checked againth !-=10910 7. Therefore the final emitted spectrum is,

full simulations that include weak magne_tism and re_coil. f (k)=k2e‘k’TESS(T(k)). (51)
Nevertheless, we expect the model to provide a first orienta- x
tion. . . . .

Raffelt[25] discusses the formation @f spectra. At high For antineutrinos the optical depth is,
densities, reactions such & e vy, ve— e, or _ Tk,
NN« NNw,v, keepv, in chemical and thermal equilibrium (k)= 1272 R (Kk), (52)
with the matter. We define the energy sphere as the approxi- ES

mate location where these reactions, which all have Smalr!md thep. spectrum is
cross sections, become too slow to maintain thermal equilib- Vx SP '
rium.

Next the v, propagate through a scattering atmosphere
where neutrinos diffuse because d#,— Nv, which has a o . o o
much larger cross section. However the small energy transfe-l;h.e normalizatiorN, is chosen so tha’toqlkf.:x_fodkfvx'
in nucleon scattering is assumed to be too small to maintaidhis corresponds to steady state equilibrium and no net
thermal equilibrium. Finally, the neutrinos escape from thechange in the lepton number. Nothl, is related to the

neutrino sphere. chemical potentiak, .
Note, the average spectrum for neutrinos and antineutri- The v, and thev, spectra are shown in Fig. 5. Both of

nos may be modified somewhat by nucleon-nucleon bremshese curves differ from a Boltzmann distribution. Neverthe-

strahlung in the scattering atmosphé@b]. However, We  |ess the average energy can be characterized by a spectral
expect weak magnetism in nucleon scattering to provide afsmperature,

estimate for thelifferencebetween the spectrum of neutrinos

.. (k)~Nok?e ¥Tess((k)). (53

and antineutrinos. This should be explicitly checked in future T=(k)/3. (54)
work that includes weak magnetism for nucleon-nucleon o
bremsstrahlung. Table IIl collects T values. We find that T fox is about 7%

We model the energy sphere as a blackbody with temperaarger than that fow, almost independent of the choice of
ture Tes~12 MeV. This high temperature is chosen so that, — Thys weak magnetism insures that the spectrum is
the final temperature of the emitteq agrees with detailed hotter than that forv,. At high energieth—(k) is small.

simulations. AlternativelyTgg is the hot matter temperature 2
well inside the neutrino sphere at densities high enougﬂ'hereforef;(k) becomes significantly larger thahvx(k)'

(~10" gcnP) so that thew, are thermalized. We assume This is shown in Fig. 5 as an increasing ratio fof(k) to

the sameT s for both v, and v, because they are produced f., (K). Thus the high energy tail in the spectrum is expected
in pairs. to be antineutrino rich.
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FIG. 5. Spectrum of muon or tau antineutrinﬁs(solid curve

and neutrinoy, (dashed curjeversus neutrino energy; see Egs.
(51) and(593). The ratio of thev, to v, spectrum is shown by the dot ,u2= 15 MeV one has,
Ye~VY9(140.12

dashed curve using the right-hand scale.

The difference between thg and the?X spectra in Fig. 5
is a macroscopic manifestation of charge conjugation, C, vio=

lation in the standard model. If the weak interactions ha
conserved C theﬁRtszt;. In principle, this difference is
directly observable. However, it may be very difficult to dis-

PHYSICAL REVIEW D65 043001

can increase the, density in the star. For simplicity, con-
sider a situation Wherﬂ,,e is near zero in a simulation with-

out recoil or weak magnetism. Then in steady state equilib-
rium, we expect recoil and weak magnetism to lead 10,2

of order the,u,,x from Sec. lll, Eq.(44). This chemical po-
tential will lead to an increase in the electron fraction be-
cause, ing equilibrium, e+ pp=pup+ Mo This will lead to

a small change in the electron fraction of order,

(55)

3,
1+ o |
Me

Yo~ YO

Here w0 is the electron chemical potential aid the elec-
tron fraction without weak magnetism and, is the new
electron fraction. Using Eq(44) for My, at T=10 MeV,

(56)

an increase of 10%. Note, Eq&5),(56) slightly overesti-
ate the change i, because the charged current opacity

d"
for v, increases withY,.. Nevertheless, weak magnetism
could lead to a modest increaseVYg.
In principle, weak magnetism will increase the lepton
number diffusion time scale. However this time scale is very

weak magnetism, the protoneutron star should cool faster

tinguish a detected, from a?x. Instead, a superposition of
the v, and thew, spectra may be more easily observable.sensitive to temperature. We also expect weak magnetism to
increase the/, energy flux in a similar way to Fig. 4. With

Weak magnetism, by separating thgand the?X spectra and

by increasing the high energy tail of th_e( may lead to an
observable broadening of the combingdand v, spectrum.

V. ELECTRON ANTINEUTRINOS

The reduction in?e charged current interactions from
weak magnetism and recoil can change the emittespec-
trum, decrease the electron number current and increase tlﬂg?e change in thge

ve energy flux. These changes, in turn, impact Yhen the
neutrino driven wind which is a possible site foprocess
nucleosynthesif8,9]. Finally these changes could be impor-

tant for analyzing the detecte_d_, events from SN 1987A or

a future galactic supernova.

and the lower temperatures will decrease the lepton number
diffusion time. These contrary effects should be investigated

in a full simulation.

B. Spectrum of v,
We consider the following simple modg25] to estimate
spectrum with weak magnetism. Let the

76 neutrino sphere be at a temperatliggwithout weak mag-
netism. For simplicity we assume a Boltzmann spectrum

efkﬂb.
Now we include weak magnetism and recoil described by

R,(K). This reduction in the opacity will shift the neutrino
sphere inwards to higher densities and temperatures. We de-

fine a new energy dependent temperafi(le) to include this

shift,

A. Lepton number current
The increased, mean free path from recoil and weak
magnetism will increase the, number current or decrease 1
the total electron lepton number curreht=J, —J, . This T(k)~ R.(K) To. (57)
14
TABLE Ill. Spectral temperaturd = (k)/3, Hereu is the ratio of temperature to density gradients,
To T, (MeV) T,, (MeV) T IT,, dinT dinp
3 8.75 9.24 1.056 Y“=dinr/ |dinr ) (58)
10 7.48 7.96 1.064
30 6.49 6.92 1.066  for the protoneutron star at the neutrino sphere. The extra
100 5.64 6.04 1.071 —1 in the denominator follows because the optical depth
300 5.09 5.46 1.073 involves a path integral from the neutrino sphere to infinity
[25]. Realistic values ofi could be~0.25 to 0.3525].
043001-9
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006 ——T—— T T T T 7] The absorption ofv, outside the gain radius will be re-
I duced by the smaller cross section from weak magnetism.
005/~ 14 However the cross sections grows with the square of the
T 1 energy so the new absorption rate may be proportional to,
0.04F \
L H _// 13 T— 2
2 £ Rate-| —<| (R, (K)) (63
§003— . /./ é a TO < Ve .
M 72
0.021 - l The first factor could increase the rate by about 20% while
001k TR 41 the second facto(R:e)fv 0.8 could decrease the rate by a
ol \ similar amount. Therefore, the net rate absorption
R T L might be little changed. Thus the electron fraction, which
0 1020 31?(MeV;‘0 50 60 depends on the absorption rate, should not change greatly.

B However, thev,'s absorbed have a higher energy so the net
FIG. 6. Spectrum of electron antineutrineg versus neutrino heating should increase by about 10% because of the higher
energyk. The solid curve includes weak magnetism and recoil, Eq.average energy in E62).

(59), while these are neglected in the dashed curve. The ratio of Thjs assumes the luminosity of the changed only be-

Sphd to dashed curves is plotted as the dot-dashed curve using tt&%use of the change ifi._. If the luminosities ofv, and 7,
right-hand scale. e

increased further because of the increased energy fluxes in

The energy dependent temperatlif&) defines the emit-  Fig- 4 then the total heating could be even larger. _

ted spectrum Finally we discuss cooling from positron capture outside
the gain radius,
. (k)~k?e KTH), (59) o
‘ et +p—n+uv,. (64)

If we expand R,(k)~1—6.k/M, with &,=[2c?+10c2
+4(CU+F2)Ca]/(C5+3C§)+3%7-22 and expan‘ﬂ;e to first  The rate for Eq(64) will be reduced by weak magnetism,
order ink/M, .
Ratex JO dki’KR, (k)e T,

us k?
— ()~ L2 e | a-KT
fo. (K ~k [1+ MT, e o, (60 )
~f dkk5(1—5c—)ek”,
We define a spectral temperatufg as, 0 m
65.T
T;ez<k>/3wTo[1+8u56T0/M]. (61) =5!T5( 1- TC> (65

Foru=0.3 andTo=5 MeV one has, At T=2 MeV the factor in parentheses reduces the cooling

T, ~1.090T,. (62) rate by 9%. Thus weak magnetism can change?ﬂnhumi-
€ nosity to increase the heating while, at the same time, reduc-

. . . — ing the cross section to decrease the cooling. These results
Thus weak magnetism and recoil can increase the emitted . ) )
should be checked with full simulations.

average energy by of order 10%. It is important to check our
simple model with full simulations.

Figure 6 shows the full spectrum, E(O0). We see that VI. CONCLUSION
weak magnetism and recoil shift the strength to higher ener-
gies and increase the high energy tail significantly. This i
shown by a large ratio of the spectrum with weak magnetis
to k?2e~'To at high energies.

In this paper we examine recoil and weak magnetism cor-
Yections tor-nucleon interactions. These are important be-
Mause they are present at all densities, even at the relatively
low densities near the neutrino sphere. Furthermore, the cor-
rections are model independent. We calculate simple, exact
C. Conditions outside the gain radius correction factors Eqs(12),(22),(32) to include recoil and
We now discuss some possible implications of weak magWeak magnetism in supernova simulations.
netism on neutrino heating, electron fraction and neutrino Perhaps the most important effect of weak magnetism and
cooling in the low density region outside the gain radius. Theecoil is to increase energy fluxes of both and v, an-
gain radius is the point where cooling from neutrino emis-tineutrinos. We calculate, in a diffusion approximation, an
sion balances heating from neutrino absorption and scatteincrease of order 15% in the total energy flux for tempera-
ing. The net amount of heating outside the gain radius couldures near 10 MeV. This should raise the neutrino luminosity.
be important for the success of the explosion. Weak magnetism and recoil will also change the emitted
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spectrum ofv, andv,. We estimate that, will be emitted ~ Herepy, is the neutron density. Finalld) we assume, in the
about 7% hotter tham, becauser, have longer mean free IMit Of low density, that thew dependence 0§(q,w) is

. . . . sharply peaked nean=k—k', with k" given by our Eq(2).
paths. Likewise weak magnetism may Increase iheem- Adding a similar expression for the axial interactions gives,
perature by of order 10%. This increase in temperature

coupled with the increase in neutrino luminosity should over- fx dr

d
dw—>277anpS, (A5)

come the reduced absorption cross section and increase the Q

heating in the low density region outside of the neutrino
sphere. This, in turn, could be important for the success of aAith do-../dO given by our Eq/(6)
explosion. ps e

We find large corrections. However, supernova simula-
tions are very complicated with many degrees of feedback. APPENDIX B: SINGLE NUCLEON FORM FACTORS

o dwd cosé

Therefore, it is important to check our results with a full |n this appendix we collect simple parametrizations of the
simulation that includes Boltzmann neutrino transport andsingle nucleon form factors for use in Ed.3). We write the
weak magnetism corrections. weak form factors in terms of the electromagnetic Dilfalg,
and PauliF5, form factors fori=p or n.
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APPENDIX A: LOW DENSITY LIMIT OF BURROWS 1 1

AND SAWYER F,= (E —2sir? 0W> FP)— EF(z")- (B3)

In this appendix we discuss the low density limit of Bur-
rows and Sawyer’s calculatiofig] and show that it reduces (i) Reaction tovn— vn:
to our phase space resuly,s/d(}, in Eq.(6). Burrows and

Sawyer start by considering a pure vector interaction. Their c :(2_2 Sir? 6 )F(n)_ }F(p) B4
Eq. (2) for the differential rate of neutrino scatteritkg-k’ vol2 M Ow |1 2 1 (B4)
is,
dZF GZ Ca=— %(1"‘3537’)_2 (BS)
B — 12rq ’ 00
Todeoss~ 22K 11 f(k)IAYS(q.w).  (AD)
Fo= - Sirf 6 Fo_ Lep (B6)
Here the momentum transferred to the neutrongyisk 27\ 2 wjt2 —oh2 -
—k’ and the energy transferred is=k—k'. The neutrino
distribution isf (k) andA%is the neutrino tensor, E(3) of Reactionven—e p:
Ref.[7]. The dynamic structure functid®(q,w) for the neu-
trons is, c,= F(lp)_ F(ln) (B7)
d3p C,=0a(1+3.53r) 72 (B8)
S(q.w)=2fWf(p)[l—f(lpﬂll)]
Fo=FP —FM. (B9)

X2mS(w+ €y— €p4 q), (A2)
p~ €p+q Here, see Eq(14),

where f(p) is the neutron distribution function ang, the 7=0Q2/4M? (B10)
energy of a neutron of momentum '
One can recover our E@6) by, (a) neglecting the final ) _
state neutrino Pauli blockingb) integrating Eq.(Al) over FI7=[1+ 714 Ap)]JG/(1+ 7), (B1D)
w, (c) assuming that the density is low enough so that 1 _
—f(p+g)=1 in Eq.(A2), FP=0G/(1+7), (B12
. &°p F{V~m\(1— 7)G/(1+7), (B13)
f de(q,w)mzfﬁf(p)zm (A3)
0 (2m) FO =\ (1+79)G/(1+7), (B14)
=27py. (A4)  with
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Np=1793, \,=-1.913, (B15) G=(1+4.97r) 2. (B17)

n=(1+5.6r)"%, (B16)

and finally,

These parametrizations are from Ref6].
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