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Realistic neutrino opacities for supernova simulations with correlations and weak magnetism

C. J. Horowitz* and M. A. Pérez-Garcı´a†

Nuclear Theory Center and Department of Physics, Indiana University, Bloomington, Indiana 47405, USA
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Advances in neutrino transport allow realistic neutrino interactions to be incorporated into supernova simu-
lations. We add tensor couplings to relativistic random phase approximation calculations of neutrino opacities.
Our results reproduce free-space neutrino-nucleon cross sections at low density, including weak magnetism and
recoil corrections. In addition, our opacities are thermodynamically consistent with relativistic mean field
equations of state. We find antineutrino mean free paths that are considerably larger then those for neutrinos.

This difference depends little on density. In a supernova, this difference could lead to an average energy ofn̄m

that is larger than that fornm by an amount that is comparable to the energy difference betweennm and n̄e .
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I. INTRODUCTION

Core collapse supernovae are dominated by neutri
therefore many supernova properties may depend on
neutrino-nucleon interactions. Recent advances in neut
transport allow neutrino interactions to be accurately inc
porated in simulations@1–3#. It is important to systematically
improve the treatment of neutrino-nucleon interactions in
der to take full advantage of the high quality neutrino tra
port and ensure that modern simulations are as meaningf
possible.

There are fundamental differences between neutrino-
antineutrino-nucleon interactions related to parity and cha
conjugation violation. These differences were incorporate
Refs.@4,5# by including weak magnetism corrections. The
corrections are important for both charged and neutral c
rents. Weak magnetism has been included in supern
simulations with an average correction factor@6,7# and leads

to a lower average energy fornm compared ton̄m @8#. The

average neutrino energy forn̄m , n̄t was found to be over 1
MeV larger then that fornm , nt @8#. This significant differ-
ence is comparable to the approximately 1.5-MeV differen
in average energy ofnx ~all four n̄m , n̄t , nm , andnt com-
bined! compared ton̄e found in a modern simulation tha
includes a variety of neutral current interactions such
nucleon recoil, bremsstrahlung, andne , n̄e annihilation@9#.

Many-body corrections to neutrino interactions may a
be important in the dense protoneutron star. Nonrelativi
calculations@10# find that correlations reduce the neutrin
opacity at high densities, while relativistic calculations@11#
find a similar but somewhat smaller reduction. Unfortunat
these corrections depend on the model employed for
strong interactions. Furthermore, the neutrino opacities n
to be consistent with the model of the strong interactio
used for the equation of state~EOS!. This has been empha
sized in many works, see, for example, Refs.@11,12#. At low
density, uniform neutron rich matter undergoes a transitio
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a nonuniform crust phase. This should produce an enha
ment of the neutrino opacity from low-energy density osc
lation modes.

We believe the minimum requirements for accurate n
trino opacities are the correct low density limit and cons
tency with the EOS. First, the neutrino interactions, at lo
densities, should agree with the exact free-space neutr
nucleon cross sections including weak magnetism and re
corrections. This will ensure that fundamental differences
tween neutrino and antineutrino interactions are includ
Second, the opacities should be consistent with the EOS
ployed in the simulation. This will ensure that the opaciti
correctly reflect possible phase transitions in the EOS. To
knowledge, these very minimum requirements have ne
been satisfied in a supernova simulation.

Most supernova simulations use the Lattimer-Swesty E
@13# based on a nonrelativistic model for the strong inter
tions. It is important to study the sensitivity of simulations
changes in the EOS. In addition, we wish to include we
magnetism using a relativistic formalism. Therefore we co
sider the EOS@14# based on the TM1 relativistic mean fiel
interaction@15,16#. We calculate consistent neutrino opac
ties for this EOS in a relativistic random phase approxim
tion ~RPA!. Our starting point is the relativistic RPA calcu
lations of Horowitz and Wehrberger at zero@18# and finite
temperatures@19#. Previous relativistic RPA calculation
with the TM1 interaction did not include weak magnetis
@17#. Some additional relativistic calculations of neutrin
opacities include Refs.@20–23#.

Section II presents our formalism for the neutrino cro
section including weak magnetism corrections. Results fom
and t neutrino transport mean free paths are presente
Sec. III as a function of density and temperature. We a
discuss differences between neutrinos and antineutrinos
focus on the low density region between the neutrino sph
and normal nuclear density. These results are discussed
we conclude in Sec. IV.

II. FORMALISM

In this section we calculate neutrino scattering from ne
tron rich matter. We assume only neutral current interacti
which is appropriate form andt neutrinos and antineutrinos
©2003 The American Physical Society03-1
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TABLE I. Parameters for the TM1 interaction using the conventions of Eq.~1!.

ms (MeV) gs
2 mv ~MeV! gv

2 k ~MeV! l z mr ~MeV! gr

511.198 100.578 83 783 159.110 473 2.829 773 0.000 366 7 0.0169 770 85.8291
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We use a relativistic field-theoretical model for describing
system composed of protons, neutrons, and electrons.

In this work the TM1 model@15# is used where the nucle
ons interact via the exchange ofs, v, andr mesons. Non-
linear scalar and vector self-interactions are included. T
TM1 nucleon-meson couplings are known to provide exc
lent descriptions of the ground states of heavy nuclei incl
ing unstable nuclei@15#. The interaction Lagrangian, in ou
conventions, is

Lint5c̄Fgsf2S gvVm1
gr

2
t•bm

1
e

2
~11t3!AmDgmGc k

3!
~gsf!3

2
l

4!
~gsf!41

z

4!
gv

4~VmVm!2. ~1!

The model contains an isodoublet nucleon field (c) interact-
ing via the exchange of two isoscalar mesons, the sc
sigma (f) and the vector omega (Vm), one isovector meson
the rho (bm), and the photon (Am). The parameters are liste
in Table I.

The differential cross section per nucleon for neutral c
rent n-nucleon scattering is@18#

d3s

d2V8dE8
52

GF
2

32p2

E8

nBE F12expS 2
q0

T D G21

3Im ~LabPab
R !, ~2!

wherenB is the baryonic density andE (E8) are the incom-
ing ~outgoing! neutrino energies. The energy transfer isq0
5E2E8. In terms of the incoming neutrino four-momentu
km5(E,kW ) and the four-momentum transferqm5(q0 ,qW ), the
lepton tensorLab is given by

Lab58@2kakb1~kq!gab2~kaqb1qakb!7 i eabmnkmqn#
~3!

with a minus sign for neutrinos and a plus sign for antineu
nos.

A. Hartree response

The retarded polarization tensorPab
R is a function of the

particle chemical potentialm i , temperatureT, and the kine-
matical variablesq0, and uqW u. For a plasma of protonsi
5p, neutronsi 5n, and electronsi 5e, it is

ImPab
R 5tanhS q0

2TD (
i 5p,n,e

ImPab
( i ) , ~4!
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wherePab
( i ) is the time ordered or causal polarization and

given by

Pab
( i ) 52 i E d4p

~2p!4
Tr@T„Gi~p1q!Ga

i Gi~p!Gb
i
…#. ~5!

The Green’s functionsGi(p) describe the propagation o
baryons (i 5p or n) or electrons (i 5e) at finite density and
temperature in the several approximations considered.

In the Hartree or mean field approximation,Gi is @18,19#

Gi~p!5~p” i* 1Mi* !H 1

pi*
22Mi*

21 i e
1

ip

Epi*
d~p0* 2Ep* !np

i J
~6!

with Epi* 5(p21Mi*
2)1/2, p0i* 5p02Vi andpi* 5p. The mean

fields are

Vn5gvV02grb0/2, ~7!

Vp5gvV01grb0/2, ~8!

Ve50 ~9!

with V0 the omega~vector! andb0 the rho mean fields and
gv , gr the respective coupling constants. The effective m
is Mi* 5M* 5M2gsf0 for i 5p,n andMe* 5Me . The sca-
lar mean field isf0 and the scalar coupling isgs . Finally,
np

( i ) gives the occupation of a state with momentump,

np
( i )5$11exp@~Epi* 1Vi2m i !/T#%21. ~10!

The weak interaction vertex isGm
i . It includes vector,

axial, and tensor~or weak magnetism! contributions,

Gm
i ~q!5F1

i ~Q2!gm1 iF 2
i ~Q2!smn

qn

2M
2GA

i ~Q2!gmg5

~Q2[q22q0
2!. ~11!

The form factorsF1
i ,F2

i ,GA
i are given in Table II. For astro

TABLE II. Coupling constants withga51.260, sin2uw50.231,
mp51.793, andmn521.913.

Reaction F1 GA F2

np→np 1
2

22sin2uw

ga/2 1
2

(mp2mn)22 sin2uwmp

nn→nn
2

1
2

2ga/2
2

1
2

(mp2mn)22 sin2uwmn

ne→ne
2 sin2uw2

1
2

2
1
2

0

3-2
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physical purposes we can neglect theQ2 dependence sinc
the medium is being probed atQ2'0.

In this paper we will be interested in the Hartree~H! or
mean field approximation and in the RPA where correlatio
are included. The Hartree and RPA response functions
characterize the hot and dense medium, have been expl
evaluated in previous works@17–19# without considering the
weak magnetism corrections. We will discuss now the H
tree response functions. In this approach nucleon correlat
are not taken into account.

The corrections introduced by the inclusion of the we
magnetism term will appear in the polarization insertions a
these can be separated into tensor, vector-tensor, and te
axial pieces which must be calculated in addition to the ot
well known vector and axial-vector parts extensively quo
in previous works@18,19#. The polarizations induced by th
weak magnetism in the Hartree approximation are

P tt
( i )mn52 i E d4p

~2p!4TrFGi~p1q!
ismaqa

2M
Gi~p!

2 isnbqb

2M G ,
~12!

Pvt
( i )mn52 i E d4p

~2p!4TrFGi~p1q!gmGi~p!
2 isnbqb

2M G ,
~13!

Pat
( i )mn52 i E d4p

~2p!4TrFGi~p1q!

3~2gmg5!Gi~p!
2 isnbqb

2M G . ~14!

These are similar to the original vector-vector polarizat
@18#

Pvv
( i )mn52 i E d4p

~2p!4Tr@Gi~p1q!gmGi~p!gn#. ~15!

More information on these polarizations is in the Append
At the Hartree level, the only modifications from the mediu
are Pauli blocking and the density dependence of the nuc
effective mass.

The cross section can be written as

d3s

d2V8dE8
5

GF
2E8qm

2

4p3EnB
F12expS 2

q0

T D G21

~AR11R26BR3!

~16!

with the plus sign for neutrinos, the minus sign for a
tineutrinos, and the kinematic factors,

A5

2EE81
1

2
qm

2

q2
~17!

and

B5E1E8. ~18!
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The three response functions are

R15 (
i 5p,n,e

$~F1
i 21GA

i 2!@ Im PvvL
( i ) 1Im PvvT

( i ) #

12F1
i F2

i @ Im PvtL
( i ) 1Im PvtT

( i ) #1F2
i 2 @ Im P ttL

( i )

1Im P ttT
( i ) #%, ~19!

R25 (
i 5p,n,e

@~F1
i 21GA

i 2!Im PvvT
( i ) 12F1

i F2
i Im PvtT

( i )

1F2
i 2Im P ttT

( i ) 2GA
i 2Im PA

( i )#, ~20!

R35 (
i 5p,n,e

2S F1
i 1F2

i
M i*

Mi
DGA

i uquIm Pva
( i ) . ~21!

Hartree cross sections based on Eq.~16! with Eqs.~19!–~21!
will be used to calculate neutrino mean free paths in Sec.

B. RPA response

We now discuss RPA corrections to the Hartree respo
functions from nucleon correlations. In a mean field appro
mation for the ground state of neutron rich matter, the me
fields are calculated self-consistently. This can be done w
a Dyson equation that sums the tadpole diagrams. The lin
response of this system can be obtained by attaching
weak interaction to all nucleon lines. This yields the RP
equations that sum the ring diagrams to calculate the nuc
response. Calculating cross sections in RPA yields neut
opacities that are thermodynamically consistent with
equation of state calculated in a mean field approximati
see, for example, Ref.@17#. Therefore, the RPA opacitie
from this section are appropriate for supernova simulati
involving the relativistic mean field TM1 equation of sta
@14#.

In the RPA, correction terms from correlations are add
to the Hartree responses of Eqs.~19!–~21!,

R1
RPA5R11DRL1DRT1DRaa , ~22!

R2
RPA5R21DRT1DRaa , ~23!

R3
RPA5R31DRva . ~24!

The cross section in RPA is

d3s

d2V8dE8
5

GF
2E8qm

2

4p3EnB
F12expS 2

q0

T D G21

3~AR1
RPA1R2

RPA6BR3
RPA!. ~25!

The correctionDRT from transversely polarized meson
and photons was discussed in Ref.@18#. Here we add weak
magnetism corrections, ther meson, and nonlinear meso
self-couplings,

DRT5Im$PTW
t ~12DTPT!21DTPTW%. ~26!
3-3
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The polarizationPT is a 333 matrix for the system of elec
trons, protons, and neutrons,

PT5F PvvT
e 0 0

0 PvvT
p 0

0 0 PvvT
n

G , ~27!

and the interaction matrix is

DT5F 2xg xg 0

xg 2xg2xv2xr xr2xv

0 xr2xv 2xv2xr

G . ~28!

The photon and meson propagators are

xg52
e2

qm
2 , ~29!

xv52
gv

2

qm
2 2mv*

2
, ~30!

xr52

1

4
gr

2

qm
2 2mr

2
, ~31!

where because of self-interactions the vector meson effec
mass is

mv*
25mv

21
z

2
gv

2~gvV0!2. ~32!

Here V0 is the vector meson mean field and the coupl
constants aree2(e2/4p5a), gv

2 , andgr
2 .

The coupling of the system to weak currents is descri
by a three component vectorPTW ,

PTW5F F1
ePvvT

e

F1
pPvvT

p 1F2
pPvtT

p

F1
nPvvT

n 1F2
nPvtT

n
G , ~33!

and its transposePTW
t . This vector contains the weak mag

netism corrections involvingF2
i .

The correction from axial currentsDRaa is given by Eq.
~50! of Ref. @18# with no corrections from weak magnetism

DRaa5q2Im$PaW
t ~12DTPT!21DTPaW%. ~34!

Here PaW is a three component vector describing the co
pling to weak axial currents andPaW

t is its transpose,

PaW5F GA
ePva

e

GA
pPva

p

GA
nPva

n
G . ~35!

Note, we assume no additional corrections toDRaa from
pion exchange or short range correlations that are often
02580
ve

d

-
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rametrized with a constantg8. These can significantly reduc
the RPA cross sections at high density@11#. Therefore our
results withoutg8 represent a minimal calculation that
consistent with the TM1 equation of state. Clearly addition
RPA interactions~such asg8), which do not contribute to the
mean field equation of state, can be added without destro
the consistency. We discuss this further in Sec. IV.

The vector-axial correctionDRva is

DRva52Im$PaW
t ~12DTPT!21DTPTW%. ~36!

Finally, DRL describes corrections from longitudinall
polarized mesons and photons. This correction is sligh
more complicated because of mixing in the medium betw
scalar mesons and longitudinally polarized vector meso
This can be taken into account by increasing the dimens
of the matrices from 333 to 434. The four rows describe
vector coupling to electrons, protons, and neutrons an
single scalar coupling. Because the weak interaction has
scalar coupling, one can combine all of the scalar polari
tions into a single entry that is the sum of proton and neut
contributions. This yields@18#

DRL5Im$PLW
t ~12DLPL!21DLPLW%. ~37!

Here the longitudinal polarization matrix is

PL5F PvvL
e 0 0 0

0 PS PM
p PM

n

0 PM
p PvvL

p 0

0 PM
n 0 PvvL

n

G . ~38!

The scalar polarizationPS is the sum of proton and neutro
contributionsPS5PS

p1PS
n with

PS
( i )52 i E d4p

~2p!4Tr@Gi~p1q!Gi~p!#, ~39!

and the mixed scalar-vector polarization is

PM
( i )52 i S Q2

q2 D 1/2E d4p

~2p!4Tr@G~p1q! ig0Gi~p!#.

~40!

The interaction matrix is

DL5F xg 0 2xg 0

0 2xs 0 0

2xg 0 xg1xv1xr xv2xr

0 0 xv2xr xv1xr

G ~41!

with the scalar meson propagator,

xs52
gs

2

qm
2 2ms*

2
. ~42!

The scalar effective mass is
3-4
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ms*
25ms

21gs
2Fkgsf01

l

2
~gsf0!2G . ~43!

Finally, the longitudinal coupling of the system to the we
current is a four-component vector,

PLW5F F1
ePvvL

e

S F1
p1F2

p
qm

2

4MM* DPM
p 1S F1

n1F2
n

qm
2

4MM* DPM
n

F1
pPvvL

p 1F2
pPvtL

p

F1
nPvvL

n 1F2
nPvtL

n

G ,

~44!

and its transpose isPLW
t . Note, the second line uses resu

for the mixed scalar-tensor polarization, see the appendi
is a simple matter to numerically evaluate the correctio
DRL , DRT , DRaa , and DRva to calculate the RPA cros
section.

C. n opacities

We now calculate the transport mean free path form or t
neutrinos or antineutrinos in dense neutron rich matter.
assume the opacity is dominated by neutral current scatte
from protons, neutrons, and electrons. Well inside the n
trino sphere, the mean free path becomes much smaller
the size of the system, and we expect a simple diffus
approximation to be valid. Using the diffusion approxim
tion, the energy fluxF can be written as

F52
^l&
3

“U, ~45!

whereU is the energy density of the neutrinos.
The transport cross section for a neutrino of energyE

scattering through an angleu is

s t~E!5E
0

`

dE8E dV8
d3s

d2V8dE8
@12cos~u!# ~46!

and the mean free path is simply

l~E!5
1

s t~E!nb

. ~47!

Note, when evaluating the integration over the outgoing n
trino energyE8, the energy transferE2E8 takes both posi-
tive and negative values.

The mean free path averaged over the incoming neut
energy spectrum is

^l&5

E
0

`

l~E!E4f ~E!dE

E
0

`

E4f ~E!dE

. ~48!
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For simplicity we assumef (E)'e2E/T at temperatureT. The
mean free path for a neutrino of average energy,l(^E&) with
^E&5pT, and the mean free path averaged over energy^l&
are, in general, somewhat different.

To quantify the differences between antineutrinos a
neutrinos, we define a ratio

R5
^l̄&2^l&

^l&
~49!

with ^l̄& the antineutrino and̂l& the neutrino mean free
path. This difference comes mostly from weak magneti
corrections.

III. RESULTS

We now present results form and t neutrino and an-
tineutrino scattering in neutron rich matter. At low densiti
and temperatures there is a transition from a uniform liq
to a nonuniform solid phase. This solid phase is expecte
make up the crust of a neutron star. The instability of t
uniform system to density oscillations shows up as an
hancement in the RPA cross section for small values of
energy transferq05E2E8 whereE is the initial andE8 the
final neutrino energy. Note, all of our calculations assum
uniform system. Therefore they are not directly valid in t
nonuniform phase. However, the enhancement of the c
section we find in an RPA approximation could be a first h
of the perhaps greatly enhanced neutrino opacities we ex
for the nonuniform phase, see below.

The differential cross sectionds/dVdE8 for a 20 MeV
neutrino scattering at 90 from neutron rich matter is sho
in Fig. 1–3 at three low densities. The electron fraction
Ye50.3 and the temperature isT55 MeV. At a density of
nB50.01 fm23 the uniform phase is unstable. This shows

FIG. 1. Differential cross sectionds/dVdE8 versus excitation
energyq05En2En8 for a baryon densitynB50.01 fm23, a neutrino
energyEn520 MeV, a scattering angle of 90°, an electron fracti
Ye50.3, and a temperature of 5 MeV. The solid curve is in a H
tree approximation while the dashed curve includes RPA corr
tions.
3-5
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as a large peak in the RPA cross section nearq050. This
peak decreases as the density increases, until it almost d
pears bynB50.1 fm23 where the uniform phase is stable.

Explicit calculations of opacities for the nonuniform
phase would be very useful and are an important area
future work. We expect the opacity to be greatly enhan
because of the following.

~1! Neutrinos can scatter coherently off of the dens
changes. For example, Reddyet al. find greatly increased
opacities for a nonuniform Kaon condensed phase@24#. We
note that the neutrons in neutron rich matter carry large w
charges and the neutrino wavelength is comparable to
size of the density fluctuations.

~2! There should be many collective modes at low exc
tion energies because there may be many different ‘‘pa
configurations and shapes that all have very similar energ
The first hint of these modes shows up in RPA calculations
the excitation energy of collective density oscillations dro
to zero. Neutrinos may be able to efficiently excite the
modes. Furthermore, neutral current excitation of th

FIG. 2. As per Fig. 1 at a baryon densitynB50.03 fm23.

FIG. 3. As per Fig. 1 at a baryon density ofnB50.1 fm23.
02580
ap-

or
d

k
he

-
’’
s.
s

s
e
e

modes may allowm andt neutrinos to more efficiently ex
change energy with matter and remain in thermal equilibri
to lower densities and temperatures.

Figure 4 shows the transport mean free path in a Har
approximation forn̄m and n̄t versus density. The energy av
eraged mean free path Eq.~48! is seen to be somewha
smaller than the mean free path evaluated at an average
ergy E5pT. This could be because Pauli blocking chang
the energy dependence ofl(E) from 1/E2. Note, in all of the
following figures we plot energy averaged quantities.

Figure 5 shows the transport mean free path for scatte
from neutron rich matter inb equilibrium at a temperature o

FIG. 4. Transport mean free path in meters forn̄m or n̄t at a
temperature ofT510 MeV as a function of baryon density for neu
tron rich matter inb equilibrium. The solid curve is for a neutrino
energy ofEn5pT531.4 MeV while the dotted curve is the mea
free path averaged over neutrino energy. Both calculations are
hartree approximation.

FIG. 5. Transport mean free path in meters averaged over
trino energy for neutron rich matter inb equilibrium at a tempera-
ture of T55 MeV. The solid curves are fornm and nt while the

dotted curves are forn̄m or n̄t . At high density, the upper curves ar
RPA and the lower curves Hartree calculations. Note that the R
mean free paths are smaller at low density than the Hartree ones
that the zero is suppressed.
3-6
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5 MeV. Note that the mean free path actually increases w
density betweennB'0.2 and '0.5 fm23 because of the
rapid decrease ofM* with density. Weak magnetism caus
the mean free path for neutrinos to be systematically sma
than that for antineutrinos. At high densities, RPA corre
tions increase the mean free path somewhat. Our calcula
use the simplest RPA interaction that is consistent with
TM1 equation of state. We do not include residual inter
tions fromp exchange or the effects of short range corre
tions. These may increase the RPA mean free path furth
high densities@11#. Unfortunately, the parameterg8 which
was used in Ref.@11# to include short range correlations ma
have some density dependence. This should be investig
in future work. Nevertheless, we expect the significant d
ferences between neutrino and antineutrino mean free p
to persist in calculations using more sophisticated inter
tions. At lower densities, the RPA mean free path becom
shorter than that in a Hartree approximation because of c
pling to density fluctuations related to the transition to
nonuniform phase. This was previously discussed.

Increasing the temperature to 10 MeV, as shown in Fig
increases the average neutrino energy. Weak magnetism
fects grow with energy so the difference between neutr
and antineutrino mean free paths is now larger than aT
55 MeV. This difference continues to grow as the tempe
ture is increased further to 25 MeV in Fig. 7 and 50 MeV
Fig. 8. At these higher temperatures there is no longe
significant reduction in the RPA relative to Hartree mean f
paths at low densities. This is because the system is now
from any phase transition.

Figure 9 shows the temperature dependence of the m
free paths and Fig.~10! shows the fractional differenceR
between antineutrino and neutrino mean free paths ve
temperature, see Eq.~49!. This difference is large and grow
rapidly with temperature. At high temperatures the a

FIG. 6. Transport mean free path in meters averaged over
trino energy for neutron rich matter inb equilibrium at a tempera-
ture of T510 MeV. The solid curves are fornm andnt while the

dotted curves are forn̄m or n̄t . At high density, the upper curves ar
RPA and the lower curves Hartree calculations. Note that the R
mean free paths are smaller at low density than the Hartree one
that the zero is suppressed.
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tineutrinos have much larger mean free paths. Our RPA
culation has a weak density dependence. This suggests
the simple weak magnetism correction factors calculated
Ref. @4# at zero density may be a reasonable first approxim
tion to results including correlations in dense matter. T
large ratioR may be important for the transport of energ
deep in the protoneutron star.

The ratio R will also produce differences between th
emitted energies of neutrinos and antineutrinos. The ma
tude of this difference will depend on the temperature
which the neutrinos are emitted. Recent calculations@9# pre-
dict a somewhat reduced temperature and this may slig
reduce weak magnetism effects. Nevertheless, we still ex
significant differences between the spectra of neutrinos

u-

A
nd

FIG. 7. Transport mean free path in meters averaged over
trino energy for neutron rich matter inb equilibrium at a tempera-
ture of T525 MeV. The solid curves are fornm andnt while the

dotted curves are forn̄m or n̄t . At high density, the upper curves ar
RPA and the lower curves Hartree calculations. Note that the ze
suppressed.

FIG. 8. Transport mean free path in meters averaged over
trino energy for neutron rich matter inb equilibrium at a tempera-
ture of T550 MeV. The solid curves are fornm andnt while the

dotted curves are forn̄m or n̄t . At high density, the upper curves ar
RPA and the lower curves Hartree calculations.
3-7
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antineutrinos. Detailed supernova simulations of the spe
including weak magnetism and a number of inelastic neu
current reactions would be very useful.

IV. CONCLUSIONS

Advances in neutrino transport allow realistic neutrino
teractions to be incorporated into supernova simulatio
This is important because of the very large energy radiate
neutrinos. We believe a minimum requirement for realis
neutrino opacities is that:~a! they agree, at low densities
with free space neutrino-nucleon cross sections that inc
weak magnetism and recoil corrections;~b! neutrino opaci-
ties should be consistent with the equation of state. To
knowledge, no present simulations have satisfied these b
requirements.

FIG. 9. Transport mean free path in meters averaged over
trino energy for neutron rich matter inb equilibrium versus tem-
perature in a RPA. The baryon density is 0.05 fm23 for the solid
curves, 0.15 fm23 for the dashed, and 0.53 fm23 for the dotted

curves. The upper curves are forn̄m and n̄t while the lower curves
are fornm andnt .

FIG. 10. Fractional difference between antineutrino and neut
mean free paths averaged over energy versus temperature in a
See Eq. ~49!. The baryon density is 0.05 fm23 for the solid,
0.15 fm23 for the dashed, and 0.53 fm23 for the dotted curve.
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In this paper we have added weak magnetism correct
to relativistic RPA calculations. Our results agree at low de
sity with accurate neutrino-nucleon cross sections includ
the fundamental differences between neutrino and
tineutrino interactions. Furthermore, our opacities are con
tent with the relativistic mean field equation of state based
the TM1 interaction.

We find antineutrino mean free paths that are considera
larger than those for neutrinos. This is especially true at h
temperatures where neutrino energies are large. This di
ence, betweenn andn̄ mean free paths, depends only weak
on density and could producenm and nt spectra that are
somewhat colder than those ofn̄m and n̄t .

We find RPA correlations somewhat increase mean f
paths at high densities. However, we do not include any
sidual interaction from pion exchange or short range co
lations. These could increase the mean free path furt
Therefore our results represent a minimum calculation tha
consistent with the equation of state. Future work study
the role of short range correlations and the density dep
dence of the effective interaction would be very useful.

At low density, correlations reduce the mean free p
because of excitation of low-energy collective density os
lations. These are related to the eventual transition of neu
rich matter to a nonuniform phase. Our RPA calculations c
only describe very small amplitude density fluctuation
Nevertheless, we expect neutrinos will couple very effe
tively to the large amplitude density fluctuations present
the nonuniform phase. This could lead to a large decreas
the neutrino mean free path. We believe, it is important
explicitly calculate neutrino opacities for the nonunifor
phase because the phase transition is important for the
and the opacities should be consistent with the EOS.
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APPENDIX: POLARIZATION INSERTIONS WITH
TENSOR COUPLINGS

In this section we provide relations for polarization inse
tions with tensor couplings. These compliment previou
published results for polarizations with vector coupling
See, for example, Ref.@19# at finite temperature and Re
@18,25# at zero temperature. We use the axial-axial polari
tion,

Paa
mn52 i E d4p

~2p!4Tr@G~p1q!gmg5G~p!gng5#,

~A1!

which can be written as

Paa
mn5Pvv

mn1gmnPA , ~A2!

which definesPA . Using this we have

u-

o
PA.
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PvtT52PvtL5
qm

2

4MM*
PA . ~A3!

For tensor-tensor correlations we will only need the ima
nary parts:

ImP ttT52
qm

2

4M2ImFPvvT2S 11
qm

2

4M* 2D PAG , ~A4!

ImP ttL52
qm

2

4M2ImFPvvL1S 11
qm

2

4M* 2D PAG . ~A5!

The vector-axial polarization

Pva
mn52 i E d4p

~2p!4Tr@G~p1q!gmG~p!gng5# ~A6!
94

s

lt,

ez
.
s-

Jo
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can be written as

Pva
mn52 i emna0qaPva . ~A7!

The tensor-axial polarization is simply related toPva ,

P ta5
M*

M
Pva . ~A8!

This has been used in Eq.~21!. Finally, the mixed scalar-
tensor polarization is simply related to the scalar-vector
larization,

PMt
m 5

qm
2

4MM*
PM

m . ~A9!

This has been incorporated into Eq.~44!.
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