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Realistic neutrino opacities for supernova simulations with correlations and weak magnetism
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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 eﬁgrgy of
that is larger than that for, by an amount that is comparable to the energy difference betw;e!md;e.
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I. INTRODUCTION a nonuniform crust phase. This should produce an enhance-
ment of the neutrino opacity from low-energy density oscil-
Core collapse supernovae are dominated by neutrinogation modes.
therefore many supernova properties may depend on the We believe the minimum requirements for accurate neu-
neutrino-nucleon interactions. Recent advances in neutriniino opacities are the correct low density limit and consis-
transport allow neutrino interactions to be accurately incortency with the EOS. First, the neutrino interactions, at low
porated in simulationfL—3]. It is important to systematically densities, should agree with the exact free-space neutrino-

improve the treatment of neutrino-nucleon interactions in orNucleon cross sections including weak magnetism and recoil
der to take full advantage of the high quality neutrino trans-corrections. This will ensure that fundamental differences be-
port and ensure that modern simulations are as meaningful 28 €€" neutrino an_d antineutrino interactions are included.
possible econd, the opacities should be consistent with the EOS em-
There are fundamental differences between neutrino- aneloyed in the S|mula'g|on. This will ensure Fhat the opacities
correctly reflect possible phase transitions in the EOS. To our

antineutrino-nucleon interactions related to parity and Chargﬁnowledge these very minimum requirements have never

conjugation violation. These differences were incorporated Veen satisfied in a supernova simulation

Refs.[4,5] by inqluding weak magnetism corrections. These supernova simulations use the Lattimer-Swesty EOS
corrections are important for both charged and neutral curty 3] phased on a nonrelativistic model for the strong interac-
rents. Weak magnetism has been included in supermoVgns. |t is important to study the sensitivity of simulations to
simulations with an average correction fac[tﬁrz] and leads changes in the EOS. In addition, we wish to include weak
to a lower average energy for, compared tov, [8]. The = magnetism using a relativistic formalism. Therefore we con-
average neutrino energy for,, v. was found to be over 1 _sider thg EO3$14] based on the TM1 relativistic mean fielq
MeV larger then that fow,, v, [8]. This significant differ- interaction[15,16. We calculate consistent neutrino opaci-

ence is comparable to the approximately 1.5-MeV differencdies for this EOS in a relativistic random phase approxima-
. - — tion (RPA). Our starting point is the relativistic RPA calcu-
in average energy of, (all four v, v,, v,, andv, com-

. = _ _ _ lations of Horowitz and Wehrberger at zefd8] and finite
bined compared tov, found in a modern simulation that temperatures[19]. Previous relativistic RPA calculations
includes a variety of neutral current interactions such asyith the TM1 interaction did not include weak magnetism
nucleon recoil, bremsstrahlung, ang, v, annihilation[9]. [17]. Some additional relativistic calculations of neutrino
Many-body corrections to neutrino interactions may alsoopacities include Ref§20-23.
be important in the dense protoneutron star. Nonrelativistic Section Il presents our formalism for the neutrino cross
calculations[10] find that correlations reduce the neutrino section including weak magnetism corrections. Resultgfor
opacity at high densities, while relativistic calculatiddd] and 7 neutrino transport mean free paths are presented in
find a similar but somewhat smaller reduction. UnfortunatelySec. 1l as a function of density and temperature. We also
these corrections depend on the model employed for theiscuss differences between neutrinos and antineutrinos. We
strong interactions. Furthermore, the neutrino opacities neefbcus on the low density region between the neutrino sphere
to be consistent with the model of the strong interactionsand normal nuclear density. These results are discussed and
used for the equation of statEOQS. This has been empha- we conclude in Sec. IV.
sized in many works, see, for example, R¢id,12). At low
density, uniform neutron rich matter undergoes a transition to Il. FORMALISM

In this section we calculate neutrino scattering from neu-
*Email address: charlie@iucf.indiana.edu tron rich matter. We assume only neutral current interactions
"Email address: angeles@niobe.iucf.indiana.edu which is appropriate fop and r neutrinos and antineutrinos.
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TABLE |. Parameters for the TM1 interaction using the conventions of(Exq.

mg (MeV) g2 m, (MeV) 92 k (MeV) A Iy m, (MeV) g,

511.198 100.578 83 783 159.110473 2.829773 0.000 366 7 0.0169 770 85.8291

We use a relativistic field-theoretical model for describing awhereﬂ% is the time ordered or causal polarization and is
system composed of protons, neutrons, and electrons. given by

In this work the TM1 mode[15] is used where the nucle-
ons interact via the exchange of », andp mesons. Non- _ d*p . _
linear scalar and vector self-interactions are included. The H(Q')B:—if STTGi(p+a)T,Gi(p)Tp)]. (5
TM1 nucleon-meson couplings are known to provide excel- (2m)
lent descriptions of the ground states of heavy nuclei includ=|.
ing unstable nuclejl5]. The interaction Lagrangian, in our
conventions, is

he Green’s functions5;(p) describe the propagation of
baryons {=p or n) or electrons (=¢€) at finite density and
temperature in the several approximations considered.

9 In the Hartree or mean field approximatids, is [18,19
Eintza{gs(ﬁ_ ( gVV,LL+?pT' b,LL .
i

Gi(p)= (b +M{) +

5(p3—E;§)nip]

e K *2_M*24ie EX
+§(1+73)Ap. 7’”}1#5(95@3 Pi Mi“tie o (6)
A with E*. = (p?+M*?)¥2 p* =p,—V; andp* =p. The mean
_m(gs¢)4+%gc(vﬂvﬂ)2_ (1) fields g_lre (p i ) Poi = Po i P p
The model contains an isodoublet nucleon figld {nteract- Vn=0,Vo—9,bo/2, ()
ing via the exchange of two isoscalar mesons, the scalar
sigma () and the vector omega/(*), one isovector meson, Vp=0,Vo+0,b0/2, (8)
the rho ©*), and the photonA*). The parameters are listed
in Table I. Ve=0 9
The differential cross section per nucleon for neutral cur- )
rent v-nucleon scattering igL8] with Vg the omegg(vectob a}nd by the rho mean fleIQS and
g, 9, the respective coupling constants. The effective mass
d3o G2 E Qo171 is Mf=M*=M —gse, fori=p,n andMj =M,. The sca-
P P nE —ex;{ - T” lar mean field is¢, and the scalar coupling igs. Finally,
d“Q'dE 32m° Ne ng) gives the occupation of a state with momentpm
Xim (L*TIE,), 2) 0= {1+ expf (B} +Vi— w)/T]} L (10)

whereng is the baryonic density anél (E') are the incom-
ing (outgoing neutrino energies. The energy transfemis
=E—E’. In terms of the incoming neutrino four-momentum
kﬂz(E,IZ) and the four-momentum transfqu(qo,c_i), the i D R q” D s
lepton tensol 4 is given by P =F1(Q%) 7, +iF2(QY) 07y —GalQY) v,y

The weak interaction vertex iEiﬂ. It includes vector,
axial, and tensofor weak magnetisincontributions,

L*P=8[2kkP+ (kq)g*’— (k*gP+ q*kP) Fie*Pr7k ,q,
[ (ka)g*”—(k*g”+qk")* e ]3 (Q=qt— ). @

with a minus sign for neutrinos and a plus sign for antineutri-The form factorsF} ,F},G}, are given in Table II. For astro-
nos.
TABLE II. Coupling constants wittg,=1.260, sifé,=0.231,

A. Hartree response mp=1.793, andu,=—1.913.

The retarded polarization tener’iB is a function of the  Reaction Fi, Ga F,
particle chemical potentigk;, temperaturel, and the kine-

. . > . 1 . /2 1 .
matical variablesg,, and|q|. For a plasma of protons vP= b 5—23|r12¢9w Ga 5(sp= pn) =2 Sirf Oy
=p, neutrons =n, and electrons=e¢, it is vN—wn 1 —0./2 1 )

5 - _(/Lp_:U“n)_z SIr"Zew:“n
2 2
do ) ve—ve . 1 1 0
ImITR ;=tanH —— ImI1, | 4 2sif—5  —3
p "(ZT)ign,e of @ © 2 2
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physical purposes we can neglect 9@ dependence since The three response functions are
the medium is being probed ?~0.

In this paper we will be interested in the Hartrgé) or _ i2, ~i2 i i
mean field approximation and in the RPA where correlations Rl_i:;n,e {(F1°+ Gy )[ImH§3L+ ImHgU)T]
are included. The Hartree and RPA response functions that o , . . .
characterize the hot and dense medium, have been explicitly +2F FLLIM IS +Im I8 ]+ F5? [ImI1{)
evaluated in p_revious wo_rl{slj—lq wi_thOL_Jt considering the imT® I (19
weak magnetism corrections. We will discuss now the Har- s
tree response functions. In this approach nucleon correlations
are not taken into account. - i2, ~i2 (i) iEi (i)

The corrections introduced by the inclusion of the weak Re i:;n,e [P+ GaIm Hygr+ 2FiFaim Hoiy
magnetism term will appear in the polarization insertions and i () ~i2 0
these can be separated into tensor, vector-tensor, and tensor- +RIIM I — G Im I, (20
axial pieces which must be calculated in addition to the other
well known vector and axial-vector parts extensively quoted Rae 2 5
in previous workg18,19. The polarizations induced by the 3 e
weak magnetism in the Hartree approximation are

e M) (i)
Fi+Fyp|GaldimIIf. (2D

Hartree cross sections based on @d) with Egs.(19)—(21)

) d4p ia_,uaq —i O_Vﬁq il . .
(uv_ _; _ @~ B will be used to calculate neutrino mean free paths in Sec. Ill.
(12 B. RPA response
. d*p —ig"fq We now discuss RPA corrections to the Hartree response
H,(j't)“”z —i f ﬁTr Gi(p+q)yMGi(p)TB}, functions from nucleon correlations. In a mean field approxi-
(2m) (13 mation for the ground state of neutron rich matter, the meson

fields are calculated self-consistently. This can be done with
g a Dyson equation that sums the tadpole diagrams. The linear
H(it)”“”=—ij—p4Tr[Gi(p+q) response of this system can be obtained by attaching the
é (2m) weak interaction to all nucleon lines. This yields the RPA
equations that sum the ring diagrams to calculate the nuclear
(14) response. Calculating cross sections in RPA yields neutrino
opacities that are thermodynamically consistent with an
equation of state calculated in a mean field approximation,
see, for example, Refl7]. Therefore, the RPA opacities
[18] from this section are appropriate for supernova simulations
d4p i[nva)lving the relativistic mean field TM1 equation of state
Dur— 5 [ _ ey v 14].
Moy Ij (277)4Tr[G|(p+q)y Gi(p)yl (19 In the RPA, correction terms from correlations are added

. . L . _ to the Hartree responses of Eq$9)—(21),
More information on these polarizations is in the Appendix.

—io"ﬁq
X(—Y“VS)Gi(D)TB

These are similar to the original vector-vector polarization

At the Hartree level, the only modifications from the medium REPA=R,+AR_ + AR+ ARg,, (22)
are Pauli blocking and the density dependence of the nucleon
effective mass. . REPA=R,+ AR+ AR,,, (23

The cross section can be written as

RPA_
d30_ G|2:E,q2 qo -1 R3 _R3+ARva- (24)
- Blq_ -0
d20'dE’  47%Eng ! exp{ T) (ARi+R2=BRs) 1he cross section in RPA is
(16)

d’c  GEE'q,
d2Q'dE’  47°Eng

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

o3|

X (ARRPAL RRPAL BREPA), (25)

2EE’+ Eqi . .
A 2 17 The correctionAR; from transversely polarized mesons
P and photons was discussed in Ref8]. Here we add weak
magnetism corrections, the meson, and nonlinear meson
and self-couplings,
B=E+E'. (18 ARr=Im{IT7y(1-DrIly) " "Dyl (26)

025803-3



C. J. HOROWITZ AND M.A. PRREZ-GARCIA PHYSICAL REVIEW C 68, 025803 (2003

The polarizatiorll; is a 3X 3 matrix for the system of elec- rametrized with a constagt . These can significantly reduce

trons, protons, and neutrons, the RPA cross sections at high dendifyi]. Therefore our
. results withoutg’ represent a minimal calculation that is
I, 0 0 consistent with the TM1 equation of state. Clearly additional
m= 0o Mm. o (277 ~ RPAinteractiongsuch agy’), which do not contribute to the
T N N ' mean field equation of state, can be added without destroying
0 0 voT the consistency. We discuss this further in Sec. IV.
and the interaction matrix is The vector-axial correctiodR,, is
X X 0 AR, o= 2Im{I1,(1— D{II7) "Dl 1y} (36)
Dr=| Xy Xy Xo=Xp Xp Xv |- (29 Finally, AR, describes corrections from longitudinally
0 Xo— X —Xe— X polarized mesons and photons. This correction is slightly
pose vonr more complicated because of mixing in the medium between
The photon and meson propagators are scalar mesons and longitudinally polarized vector mesons.
This can be taken into account by increasing the dimension
_ 6_2 29 of the matrices from X3 to 4X4. The four rows describe
Xy~ q>’ (29 vector coupling to electrons, protons, and neutrons and a
. single scalar coupling. Because the weak interaction has no
92 scalar coupling, one can combine all of the scalar polariza-
Xo=— 2—”*2 (30)  tions into a single entry that is the sum of proton and neutron
q,—m, contributions. This yield§18]
Egz AR, =Im{I1} (1~ D M) " 'D T} (37)
49p
Xo=" > (3D Here the longitudinal polarization matrix is
qu—m,
. . . g, o o 0
where because of self-interactions the vector meson effective 0 N
mass is 0 s My My
W=l mp e, o (38
é/ M vol
mj 2=m}+ 29:(9,Vo)>. (32) o my, o m,
Here V, is the vector meson mean field and the couplingThe scalar poIarizatioﬁISnis the sum of proton and neutron
constants are®(e’/4r=a), g, andg?. contributionsIls=1I1§+IIg with
The coupling of the system to weak currents is described d*p
by a three component vectbk, Hg): _ij (277)4Tr[Gi(p+q)Gi(p)], (39)
FE 5UT

and its transpos#l},,. This vector contains the weak mag-

and the mixed scalar-vector polarization is
Hyy=| FII5,r+FEII 0 |, (33

FID o+ FOII" A\ d%p
el T2t i) =—i| = Sz G(p+a)i¥Gi(p)].
q2 (2m)

) T g (40)
netism corrections involving, .
The correction from axial currentSR,, is given by Eq.  The interaction matrix is
(50) of Ref.[18] with no corrections from weak magnetism,
2 t -1 Xy 0 Xy 0
ARaa:q Im{HaW(l_ DIly) DTHaW}- (34) 0 —x 0 0
S
Herell, is a three component vector describing the cou- D= Xy 0 x,txetX, Xo—Xo “D
pling to weak axial currents anid},, is its transpose, 0 0 Xo—X Xot+ X
v P v P
e e
Gall,a with the scalar meson propagator,
Maw= ngga . (35 2
g
GAII}, S e “2

2 *2 "
q/_L_mS

Note, we assume no additional correctionsA®,, from
pion exchange or short range correlations that are often pdhe scalar effective mass is
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A
mE 2=mZ+gZ| kgsdo+ (9sbo)® (43

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

[ F§HSUL 7

q’ q’
FP+Fb—E_ITIP +| F1+F)—%X |11
HLW: 1 24MM* M 1 24MM* M ’
FRIID, + F5IID,
L F2H30L+F2HBIL -
(44)

and its transpose iH|,. Note, the second line uses results
for the mixed scalar-tensor polarization, see the appendix.

is a simple matter to numerically evaluate the corrections 5 1. pifferential cross sectiodo/dQdE’

AR_, ARy, AR,,, and AR,, to calculate the RPA cross
section.

C. v opacities

We now calculate the transport mean free pathuasr 7

neutrinos or antineutrinos in dense neutron rich matter. W?—or simplicity we assumé(E)~e~E/T

assume the opacity is dominated by neutral current scatteri

from protons, neutrons, and electrons. Well inside the neu

trino sphere, the mean free path becomes much smaller th

the size of the system, and we expect a simple diffusion

approximation to be valid. Using the diffusion approxima-
tion, the energy flux can be written as

)

F=—-3"VU, (45)

whereU is the energy density of the neutrinos.
The transport cross section for a neutrino of enekgy
scattering through an angkeis

‘(E) fwdE’f a0 —&7 [1-cos6)] (46)
o'(E)= ———[1-co

0 d2Q'dE’
and the mean free path is simply

NE)= (47)

o(E)n,

PHYSICAL REVIEW 68, 025803 (2003

20.09f

o
®
T

o

dOdE (f
G/O ém
~

d
o
o
>

0.05F

0.04F

0.02F

0.01F

q0 (MeV)

It

versus excitation
energyqo=E,—E/ for a baryon densitpg=0.01 fm"3, a neutrino
energyE, =20 MeV, a scattering angle of 90°, an electron fraction
Y.=0.3, and a temperature of 5 MeV. The solid curve is in a Har-
tree approximation while the dashed curve includes RPA correla-
tions.

at temperatur@. The
ean free path for a neutrino of average enexgyE)) with
E)= =T, and the mean free path averaged over enéxgy

e, in general, somewhat different.

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

A)—(\
(M- o)
(\)
with (\) the antineutrino and\) the neutrino mean free
path. This difference comes mostly from weak magnetism
corrections.

IIl. RESULTS

We now present results for and 7 neutrino and an-
tineutrino scattering in neutron rich matter. At low densities
and temperatures there is a transition from a uniform liquid
to a nonuniform solid phase. This solid phase is expected to
make up the crust of a neutron star. The instability of the
uniform system to density oscillations shows up as an en-
hancement in the RPA cross section for small values of the
energy transfeq,=E—E’ whereE is the initial andE’ the

Note, when evaluating the integration over the outgoing neufinal neutrino energy. Note, all of our calculations assume a

trino energyE’, the energy transfde —E' takes both posi-
tive and negative values.

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

f:)\(E)E“f(E)dE

)= (48)

o

)

E*f(E)dE

uniform system. Therefore they are not directly valid in the
nonuniform phase. However, the enhancement of the cross
eection we find in an RPA approximation could be a first hint
of the perhaps greatly enhanced neutrino opacities we expect
for the nonuniform phase, see below.

The differential cross sectiodo/dQ)dE’ for a 20 MeV
neutrino scattering at 90 from neutron rich matter is shown
in Fig. 1-3 at three low densities. The electron fraction is
Y.=0.3 and the temperature ’&=5 MeV. At a density of
ng=0.01 fm 3 the uniform phase is unstable. This shows up
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N
W
o

x 10 —~2Ur I T
0.6 é i antiv,, T=10 MeV

R s, 25f :
E osf . Sof NG
5 0,4; ] E ...\_/_\5
30 15F ™, ]
0035 ] 1 O:_ .o )\AV""”"."._;
oaf ] - ]
0.1 j — O: X X X | X X X | X X X | X ) ) | ) ) ) B
- 0 0.2 0.4 0.6 0.8 1
ok ng (fM™)

a0 (Me) FIG. 4. Transport mean free path in meters for or v, at a

temperature of =10 MeV as a function of baryon density for neu-
tron rich matter inB equilibrium. The solid curve is for a neutrino
energy ofE,=#T=31.4 MeV while the dotted curve is the mean

as a large peak in the RPA cross section mgar0. ThiS  free path averaged over neutrino energy. Both calculations are in a
peak decreases as the density increases, until it almost disagyrtree approximation.

pears byng=0.1 fm 2 where the uniform phase is stable.

Explicit calculations of opacities for _the nonuniform ,odes may allows and 7 neutrinos to more efficiently ex-
phase would be very useful and are an important area fofhange energy with matter and remain in thermal equilibrium
future work. We expect the opacity to be greatly enhanceqy, |ower densities and temperatures.
because of the following. _ Figure 4 shows the transport mean free path in a Hartree

(1) Neutrinos can scatter coherently off of the density - — — .
changes. For example, Reddy al. find greatly increased approximation forv, and v, versus density. The energy av-

ges. pie, : g y eraged mean free path E@8) is seen to be somewhat

opacities for a nonuniform Kaon condensed phigs8. We maller than the mean free path evaluated at an average en-
note that the neutrons in neutron rich matter carry large weaR - . P ; ) 9
rgy E=#T. This could be because Pauli blocking changes

charges and the neutrino wavelength is comparable to tht e energy dependenceXE) from 1/£2. Note, in all of the

size of the density fluctuations. 9 "
following figures we plot energy averaged quantities.

(2) There should be many collective modes at low excita- Figure 5 shows the transport mean free path for scatterin
tion energies because there may be many different “pasta’ 9 P b 9

configurations and shapes that all have very similar energieg.om neutron rich matter i equilibrium at a temperature of
The first hint of these modes shows up in RPA calculations as

FIG. 2. As per Fig. 1 at a baryon density=0.03 fm 3.

the excitation energy of collective density oscillations drops ’gw 30 ]
to zero. Neutrinos may be able to efficiently excite these— - 1
modes. Furthermore, neutral current excitation of these<'20f ]
- 110F ]
16" r ]
%0~12 [ T T T T T T T 100F {
= o L i
S L [ ]
g0 ] 9of
w L
g I i
50.08:— - 8ol ]
0.06f . ok ey RS MEV
C 0 0.2 0.4 0.6 0.8 1
0.04f . ne (fm™)
A FIG. 5. Transport mean free path in meters averaged over neu-
0.02f ] trino energy for neutron rich matter i equilibrium at a tempera-
I 1 ture of T=5 MeV. The solid curves are for, and v, while the
T TS s 0 5 o 15 20  dotted curves are far, or v,. At high density, the upper curves are
40 (MeV) RPA and the lower curves Hartree calculations. Note that the RPA
mean free paths are smaller at low density than the Hartree ones and
FIG. 3. As per Fig. 1 at a baryon density m§=0.1 fm 3. that the zero is suppressed.
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— 18. T T T T T T T T T T T T T T T T o . ]
IS o 1 & Lo 1
LA E —i18F T=25 MeV ]
r<< 16-— “ ..\.\\ ] 2 : . ]
sf e o ]
14F % ' TS 1.4F .
13E 120 e T e 8
12F E\ e T
1E T T T .
10F o8F \ T .
o] . [
E T=10 MeV ] 0.6 .
8' L L L | L L L 1 " " " 1 " " " 1 " " P L L L | L L L | L L L | L L L | T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
ne (fm™) n (fm™)

FIG. 6. Transport mean free path in meters averaged over neu- FIG. 7. Transport mean free path in meters averaged over neu-
trino energy for neutron rich matter | equilibrium at a tempera- trino energy for neutron rich matter i equilibrium at a tempera-
ture of T=10 MeV. The solid curves are far, and v, while the  ture of T=25 MeV. The solid curves are far, and v, while the
dotted curves are far, or v,.. At high density, the upper curves are dotted curves are far, or v,.. At high density, the upper curves are
RPA and the lower curves Hartree calculations. Note that the RPARPA and the lower curves Hartree calculations. Note that the zero is
mean free paths are smaller at low density than the Hartree ones asdppressed.
that the zero is suppressed.

tineutrinos have much larger mean free paths. Our RPA cal-

5 MeV. Note that the mean free path actually increases wittgulation has a weak density dependence. This suggests that
density betweemg~0.2 and ~0.5 fm 2 because of the the simple weak magnetism correction factors calculated in
rapid decrease d¥1* with density. Weak magnetism causes Ref.[4] at zero density may be a reasonable first approxima-
the mean free path for neutrinos to be systematically smallgffon to results including correlations in dense matter. The
than that for antineutrinos. At high densities, RPA correla-large ratioR may be important for the transport of energy
tions increase the mean free path somewhat. Our calculatioi€€p in the protoneutron star.
use the simplest RPA interaction that is consistent with the The ratio R will also produce differences between the
TM1 equa‘[ion of state. We do not include residual interac_emitted energies of neutrinos and antineutrinos. The magni-
tions from 7= exchange or the effects of short range correlatude of this difference will depend on the temperature at
tions. These may increase the RPA mean free path further #¢hich the neutrinos are emitted. Recent calculati@jspre-
high densitieg11]. Unfortunately, the parametey which dict a somewhat red_uced temperature and this may slightly
was used in Ref.11] to include short range correlations may reduce weak magnetism effects. Nevertheless, we still expect
have some density dependence. This should be investigatéwnlflcant differences between the spectra of neutrinos and
in future work. Nevertheless, we expect the significant dif-
ferences between neutrino and antineutrino mean free paths-0.6——— — —— —— 1
to persist in calculations using more sophisticated interac-é H T250 MeV |
tions. At lower densities, the RPA mean free path becomes z0 5[ .
shorter than that in a Hartree approximation because of cou”™ | ]
pling to density fluctuations related to the transition to a 4 % ]
nonuniform phase. This was previously discussed. I ]
Increasing the temperature to 10 MeV, as shown in Fig. 6,
increases the average neutrino energy. Weak magnetism ef-
fects grow with energy so the difference between neutrino

and antineutrino mean free paths is now larger thaf at 0‘2;
=5 MeV. This difference continues to grow as the tempera- i
ture is increased further to 25 MeV in Fig. 7 and 50 MeV in 0.1 L
Fig. 8. At these higher temperatures there is no longer a T T T
significant reduction in the RPA relative to Hartree mean free 05 0.2 0.4 0.6 0.8 ]
paths at low densities. This is because the system is now far ne (fm™)

from any phase transition.

Figure 9 shows the temperature dependence of the mean FIG. 8. Transport mean free path in meters averaged over neu-
free paths and Fig(10) shows the fractional differencB trino energy for neutron rich matter i equilibrium at a tempera-
between antineutrino and neutrino mean free paths versusre of T=50 MeV. The solid curves are far, and v, while the
temperature, see E(49). This difference is large and grows dotted curves are far,, or v,. At high density, the upper curves are
rapidly with temperature. At high temperatures the an-RPA and the lower curves Hartree calculations.
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In this paper we have added weak magnetism corrections
to relativistic RPA calculations. Our results agree at low den-
sity with accurate neutrino-nucleon cross sections including
the fundamental differences between neutrino and an-
tineutrino interactions. Furthermore, our opacities are consis-
tent with the relativistic mean field equation of state based on
the TM1 interaction.

We find antineutrino mean free paths that are considerably
larger than those for neutrinos. This is especially true at high
temperatures where neutrino energies are large. This differ-

ence, between andv mean free paths, depends only weakly
on density and could produce, and v, spectra that are

somewhat colder than those of andv,.

We find RPA correlations somewhat increase mean free
paths at high densities. However, we do not include any re-
_ sidual interaction from pion exchange or short range corre-

FIG. 9. Transport mean free path in meters averaged over nelyations, These could increase the mean free path further.
trino energy for neutron rich matter i equilibrium versus tem-  Tperafore our results represent a minimum calculation that is
perature in a RPA. The baryon density is 0.05 firfor the solid - qistent with the equation of state. Future work studying
curves, 0.15 fm* for the dashed, and 0.53 fifl for the dotted o616 of short range correlations and the density depen-
curves. The upper curves are fog and v, while the lower curves  jance of the effective interaction would be very useful.
are fory, andv,. At low density, correlations reduce the mean free path

. . . . . ause of excitation of low-ener llectiv nsit cil-
antineutrinos. Detailed supernova simulations of the spect;%ec use of excriation ot ‘o ergy collective density os

including weak magnetism and a number of inelastic neutr _tions. These are relqted to the eventual transition of neutron
current reactions would be very useful ich matter toa nonuniform phasc_e. Our RPA.caIcuIanon.s can
' only describe very small amplitude density fluctuations.
Nevertheless, we expect neutrinos will couple very effec-
IV. CONCLUSIONS tively to the large amplitude density fluctuations present in
Advances in neutrino transport allow realistic neutrino in-the nonuniform phase. This could lead to a large decrease in
teractions to be incorporated into supernova simulationsthe neutrino mean free path. We believe, it is important to
This is important because of the very large energy radiated i§XPlicitly calculate neutrino opacities for the nonuniform
neutrinos. We believe a minimum requirement for realisticPhase because the phase transition is important for the EOS
neutrino opacities is thata) they agree, at low densities, and the opacities should be consistent with the EOS.
with free space neutrino-nucleon cross sections that include
weak magnetism and recoil correctiorib) neutrino opaci- ACKNOWLEDGMENTS
ties should be consistent with the equation of state. To our

knowledge, no present simulations have satisfied these basic M.A.P.G. ackno_vvledges_ the_ Paf“?" financial support of
requirements. the FICYT and Indiana University. This work was supported
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! . APPENDIX: POLARIZATION INSERTIONS WITH
251 e TENSOR COUPLINGS

RPA
R AV

In this section we provide relations for polarization inser-
tions with tensor couplings. These compliment previously
published results for polarizations with vector couplings.
See, for example, Refl19] at finite temperature and Ref.
[18,25 at zero temperature. We use the axial-axial polariza-
tion,

d*p
MV M v
| | | 16 'J (27)4Tr[G(p+q)y vsG(P) ¥"vsl,
5 10 15 20 25 30 35 40 45 50 (A1)
T (MeV)

which can be written as
FIG. 10. Fractional difference between antineutrino and neutrino

mean free paths averaged over energy versus temperature in a RPA. 4 =117+ g Tl,, (A2)
See Eq.(49). The baryon density is 0.05 fni for the solid,
0.15 fm 2 for the dashed, and 0.53 fr for the dotted curve. which definedI,. Using this we have
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qi can be written as
R e | TVIVERLVY (A3)
A 4= i 470G, 1T, . (A7)
For tensor-tensor correlations we will only need the imagi- . T
nary parts: The tensor-axial polarization is simply relatedIiq , ,
o a; R (A8)
ImHttT: - ﬁlm HUUT_ l+ m‘iz HA , (A4) ta— M va-*
) , This has been used in E¢R1). Finally, the mixed scalar-
q tensor polarization is simply related to the scalar-vector po-
- _F lad L
|mHtt|_— 4M2|m HUUL+ l+ 4M*2) HA . (AS) Ia”zat'on,
. . . 2
The vector-axial polarization e = a. 1 (A9)

T AMM*

d*p
MY " v
a IJ (277)4Tr[G(p+q)y'“G(p)y 7] (AB) This has been incorporated into Eg4).
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