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Effects of strong and electromagnetic correlations on neutrino interactions in dense matter
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An extensive study of the effects of correlations on both charged and neutral current weak interaction rates
in dense matter is performed. Both strong and electromagnetic correlations are considered. The propagation of
particle-hole interactions in the medium plays an important role in determining the neutrino mean free paths.
The effects due to Pauli blocking and density, spin, and isospin correlations in the medium significantly reduce
the neutrino cross sections. As a result of the lack of experimental information at high density, these correla-
tions are necessarily model dependent. For example, spin correlations in nonrelativistic models are found to
lead to larger suppressions of neutrino cross sections compared to those of relativistic models. This is due to
the tendency of the nonrelativistic models to develop spin instabilities. Notwithstanding the above caveats, and
the differences between nonrelativistic and relativistic approaches such as the spin- and isospin-dependent
interactions and the nucleon effective masses, suppressions of order 2–3, relative to the case in which corre-
lations are ignored, are obtained. Neutrino interactions in dense matter are especially important for supernova
and early neutron star evolution calculations. The effects of correlations for protoneutron star evolution are
calculated. Large effects on the internal thermodynamic properties of protoneutron stars, such as the tempera-
ture, are found. These translate into significant early enhancements in the emitted neutrino energies and fluxes,
especially after a few seconds. At late times, beyond about 10 s, the emitted neutrino fluxes decrease more
rapidly compared to simulations without the effects of correlations, due to the more rapid onset of neutrino
transparency in the protoneutron star.@S0556-2813~99!00105-3#

PACS number~s!: 13.15.1g, 26.60.1c, 97.60.Jd
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I. INTRODUCTION

The calculation of neutrino interactions in hot, dense m
ter is highly relevant to the study of supernovas and pro
neutron stars. Neutrinos are thought to be intimately
volved in the supernova explosion mechanism. In additi
the time scales over which protoneutron stars delepto
and cool, which are crucial in predicting the neutrino lig
curve from a supernova, are determined by neutrino op
ties. In an earlier paper@1#, we developed a formalism to
determine both neutral- and charged-current opacities for
teracting matter, accounting for in-medium mass and ene
shifts given by its underlying equation of state~EOS!. The
effects of degeneracy and relativity were incorporated,
nuclear interactions modeled by both nonrelativistic poten
and relativistic field-theoretical approaches were studied
this paper, we extend this treatment to include import
sources of suppression and enhancement due to in-me
correlations. In particular, we include the effects due to b
strong and electromagnetic correlations in the system. W
neutrinos can couple to many-particle states and induce m
tipair excitations, both of which could modify the respon
function developed in Ref.@1#, single-pair excitations domi
nate over multipair excitations for the kinematics of inter
in neutrino scattering and absorption. Thus, we focus on
effects of correlations on the single-pair excitation spectru

Pioneering work in calculating the neutrino mean fr
path in uniform nuclear matter was performed by Sawyer@2#
who showed that the effects due to strong interactions
important and that the relation between the EOS and lo
wavelength excitations of the system may be exploited
PRC 590556-2813/99/59~5!/2888~31!/$15.00
t-
-
-
,
e

t
i-

n-
y

d
l

In
t

um
h
le
l-

t
e
.

re
g-
o

compute the weak interaction rates consistent with the un
lying dense matter model. Iwamoto and Pethick@3# com-
puted the neutrino mean free paths in pure neutron matte
the densities of relevance for neutron stars by calculating
dynamical response within the framework of Fermi-liqu
theory ~FLT! @4–7#. Horowitz and Wehrberger@8# studied
the influence of correlations on the neutrino scattering
dense matter in a relativistic field-theoretical model. Mo
recently, Fabbri and Matera@9# have calculated neutrino
scattering in asymmetric nuclear matter including the effe
of the exchange interaction.

These earlier works on neutrino interactions in dense m
ter have shaped our approach. First accounts of our res
may be found in Refs.@10,11#. We urge the reader to consu
the simultaneous and independent work of Burrows a
Sawyer in Ref.@12#, with which our work has some overlap
However, important differences, both in the microphysic
inputs to the opacity calculations and in the underlying E
models, distinguish our approach and results from theirs.
will present a unified approach to calculate both the neu
current scattering and charged current absorption react
for the composition and temperatures of relevance to the
toneutron star~PNS! evolution. A systematic analysis of th
various nuclear physics inputs such as the particle-hole~p-h!
interactions in density, spin, and isospin channels is und
taken, keeping in view the known nuclear ground state a
excited state properties. We will isolate the importa
sources of enhancement and/or suppression due to
medium correlations and highlight the important role of sp
and isospin-dependent p-h interactions. The need for fur
efforts to pin down the poorly known spin-dependent int
2888 ©1999 The American Physical Society
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PRC 59 2889EFFECTS OF STRONG AND ELECTROMAGNETIC . . .
actions is clearly brought out by our investigations.
The neutrino cross sections and EOS are intimately

lated. This relationship is most transparent in the lon
wavelength or static limit, in which the response of a syst
to a weak external probe is completely determined by
ground state thermodynamics~EOS!. Thus, in this limit, neu-
trino opacities which are consistent with a given EOS@2# can
be calculated. However, when the energy and momen
transferred by the neutrinos are large, full consistency
more difficult to achieve. Particle-hole and particle-partic
interactions @10–12#, multipair excitations @13#, and the
renormalization of the axial charge@14,15# are examples of
effects that may influence both the EOS and the opacity
this work, we investigate the influence of particle-hole ex
tations utilizing the random phase approximation~RPA!, in
which ring diagrams are summed to all orders. This may
viewed as a first and minimal step towards achieving s
consistency between the response of matter to neutr
induced perturbations and the underlying EOS, similar
what has long been established in the study of collec
excitations in nuclei~multipole giant resonances! through
electromagnetic probes@16#.

Throughout this paper, we employ both nonrelativistic p
tential and relativistic field-theoretical models for the EO
and the evaluation of the neutrino-matter cross sections.
is done in order to evaluate effects that are generic as we
effects that are due to the precise description of the nucle
nucleon interactions. In Sec. II, we study the response
pure neutron matter and calculate the neutrino cross sec
to gauge the effects due to RPA correlations. In Sec. III,
calculate the influence of many-body correlations on
scattering and absorption reactions in both nuclear ma
and multicomponent stellar matter~charge neutral,
b-equilibrated matter!. In Sec. IV, we compute protoneutro
star evolutions in order to evaluate the effects of correlatio
Our conclusions and outlook are contained in Sec. V.
plicit formulas for the various p-h interactions and polariz
tion functions needed to calculate the neutrino cross sect
are collected in Appendixes A and B, respectively.

II. NEUTRAL CURRENT NEUTRINO CROSS SECTIONS
IN NEUTRON MATTER

We begin with pure neutron matter to illustrate the va
ous strong interaction correlation effects that influence
neutrino mean free paths in dense matter.

A. Nonrelativistic models

In the nonrelativistic limit for the neutrons, the cross se
tion per unit volume or the inverse mean free path for
neutral current reactionn1n→n1n is given by@3#

1

V

d3s~E1!

dV2 dq0

5
GF

2

8p3
E3

2@12 f n~E3!#

3@cV
2~11cosu!S00~q0 ,q!

1cA
2~32cosu!S10~q0 ,q!#, ~1!

wherecV50.5 andcA50.615 are the neutral current vect
and axial vector couplings of the neutron andGF
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310210 MeV25m21, E1 andE3 are the incoming and out
going neutrino energies, andq05E12E3 andqW 5k1

W2k3
W are

the energy and momentum transfers in the scattering r
tion. The neutron-matter response, which depends on the
nematical variablesq0 and q5uqW u, is characterized by the
function S(q0 ,q) and is called the dynamic form facto
Since neutrinos couple to the vector and axial vector curre
of the neutron, the response is given in terms of the dens
density correlation functionS00(q0 ,q) and the spin-density
correlation functionS10(q0 ,q). The subscripts appearing i
the response functionSst represent the total spin and isosp
transferred along the p-h channel and are labeled as follo
t50 and s50 for the neutral-current density response,t
50 ands51 for the neutral-current spin-density respons
t51 ands50 for the charged-current density response, a
t51 and s51 for the charged-current spin-density r
sponse. In the absence of strong interaction correlatio
S005S105S0(q0 ,q). The functionS0(q0 ,q) is directly re-
lated to the lowest-order polarization functionP0 ~also
known as the Lindhard function@17#! through the principle
of detailed balance, and accounts for correlations arising
to Pauli blocking@18,19#. Explicitly,

S0~q0 ,q!5
Im P0~q0 ,q!

12 exp~2q0 /T!
,

P0~q0 ,q!5
2

~2p!3E d3p F f ~Ep!@12 f ~EupW 1qW u!#

q01Ep2EupW 1qW u1 i e

2
@12 f ~Ep!# f ~EupW 1qW u!

q01Ep2EupW 1qW u2 i e
G , ~2!

wheref (E)5@11 exp(E2mn)/T#21 is the Fermi-Dirac distri-
bution function,mn is the neutron chemical potential, an
Ep5p2/2M is the noninteracting nonrelativistic dispersio
relation for the neutrons. The imaginary part of the polariz
tion function may be explicitly evaluated whenq,2kF and
q0,q, and is given by@1,20#

Im P0~q0 ,q!5
M2T

2pq Fq0

T

1 lnS 11 exp@~e22m2!/T#

11 exp@~e21q02m4!/T# D G ,
e25

p2
2

2M
5

1

4

~q02q2/2M !2

q2/2M
. ~3!

The total cross section per unit volume or the inverse co
sion mean free path of neutrinos due to scattering is obta
by integrating over theq0-q space.

The simplest modification toS(q0 ,q) due to strong inter-
actions arises due to the medium modification of the sing
particle dispersion relation@1#. In the mean field approxima
tion ~in which particles are assumed to move independe
of each other in a common potential!, the single-particle
spectrum may be cast into the form

E~p!5p2/2M* 1U, ~4!
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2890 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
in schematic models which are designed to reproduce
results of microscopic calculations. The single-particle p
tentialU and the~Landau! effective massM* are in general
density dependent. Because the functional dependence o
spectra on the momenta is similar to that of the noninter
ing case, the only modification to the free gas results ar
due to the nucleon effective mass. Thus, to obtain the m
field or Hartree response we need only replace the
nucleon massM in Eq. ~3! by the in-medium massM* . The
density dependence ofM* is model dependent and in non
relativistic approaches arises due to the presence o
momentum-dependent interaction. Modifications due
M* (nB) are important and always act to decrease the s
tering cross sections. This is chiefly due to the fact tha
lower M* decreases the density of statesN05M* kF /p2

near the Fermi surface and thereby the number of target
trons available for scattering. Kinematically, a lowerM* fa-
vors larger energy transfers by shifting the strength from l
q0 to regions of highq0. For thermal neutrinos, the domina
contribution to the total cross section comes from the reg
uq0u<pT, since factors arising from the principle of detaile
balance and final state blocking for the neutrinos expon
tially suppress the phase space whenuq0u>pT. Thus, for
partially degenerate matter and for neutrino energies of o
T, this shift in the strength leads to significant suppressi
in the total cross sections.

The results in Fig. 1 show howM* (nB), which depends
on the strong interaction model, modifies the neutrino m
free path as a function of density for different temperatur
For the illustrative results presented here, we have u
M* /M5@11a(nB /n0)#21, characteristic of a large class o
Skyrme models fornB&(324)n0, wheren050.16 fm23 is
the nuclear saturation density. Denoting the value of
nucleon mass atn0 by M0* , the factora5(M2M0* )/M0* .
For the results shown in Fig. 1, we have setM0* 50.8. Our

FIG. 1. The ratio of the neutrino mean free paths computed w
(M* ) and without~M! effective mass corrections as a function
nucleon densitynB in units of the nuclear equilibrium densityn0

50.16 fm23. Results are shown for pure neutron matter atT55
and 30 MeV. The dash-dotted curve shows the density depend
of the neutron effective mass.
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findings indicate that the neutrino mean free paths
roughly enhanced by a factor proportional to (M /M* )2.
With increasing temperature, this enhancement decre
only moderately. We are thus led to the conclusion that
the densities and temperatures of interest, effects due
dropping in-medium nucleon mass significantly increase
neutrino mean free path.

We turn now to address the effects of strong interact
correlations. We first note that the nucleon-nucleon inter
tion for densities of relevance is not amenable to a pertur
tive treatment@21,22#. Thus, we are forced to adopt approx
mate schemes to incorporate nonperturbative effects.
random phase approximation, also known as the ring
proximation, is particularly suited to describe the response
matter at high densities. In the RPA, ring diagrams
summed to all orders in order to incorporate p-h correlatio
Single pair excitations created by the neutrinos are now
lowed to propagate in the medium due to the presence of
interactions. The strength of the interaction in a specific
channel will therefore play a crucial role in determining t
magnitude of the RPA corrections. Deferring to later sectio
the discussion of the interaction potentials, we set up here
basic formalism to calculate the cross sections for a gi
interactionV00 in the spin-independent channel andV10 in
the spin-dependent channel. The RPA polarization, as a
sult of summing ring diagrams to all orders, is@18#

P i j
RPA5

P0

12Vi j P
0

. ~5!

The dynamic form factor which incorporates these corre
tions is given by

Si j ~q0 ,q!5F 1

12 exp~q0 /T!G Im P0~q0 ,q!

e i j
,

e i j ~q0 ,q!5@12Vi j ReP0~q0 ,q!#21@Vi j Im P0~q0 ,q!#2.
~6!

In addition to the imaginary part of the polarization, which
sufficient to evaluate the free gas response, the real pa
also needed to evaluate the corrections due to strong inte
tion correlations. At finite temperatures, the real part is ea
evaluated numerically by using the Kramers-Kronig relati

ReP0~q0 ,q!52
1

p
PE

2`

`

dv
Im P0~v,q!

v2q0
. ~7!

The dielectric screening functione i j is the only modification
that arises in the RPA. If the interaction is repulsi
e i j (q050,q).1, the medium response is suppressed, wh
an attractive interaction will result in an enhancement. If t
repulsive interaction is strong, the RPA response predicts
existence of collective excitations such as zero sound
spin-zero sound which could enhance the response when
energy transfer is finite and equal to the energy of the c
lective state.

1. Particle-hole interactions

The particle-hole interactionVi j is in general a function of
density, temperature,q0, andq. For the temperatures of in

h
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terest in the PNS evolution,q0 and q are typically smaller
than a few tens of MeV. Since the p-h interactions due
strong interactions are short ranged (;1/meson mass) com
pared with the typical wavelength of the excitations prob
by the neutrinos, the momentum dependence of the inte
tion will not play a significant role. It is well known that th
effective interaction of meson exchange models results
very large matrix elements due to the presence of a la
short-ranged component and cannot be used in perturb
expansion@21,22#. In nonrelativistic models, there are esse
tially two complementary methods that have been used
estimate the p-h interactions in nuclei and in bulk nucl
matter. We outline the basic features of these methods
employ the corresponding p-h interaction potentials to co
pute the neutrino scattering cross sections.

a. Schematic potential models.Skyrme-type models star
from a zero-range and density- and momentum-depen
potential from which an energy density functional is co
structed. The force parameters are determined empiricall
calculating the ground state in the Hartree-Fock approxim
tion and by fitting the observed ground state properties
nuclei and nuclear matter. Using Landau Fermi-liqu
theory, the effective p-h interaction is given by the seco
functional derivative of the total energy density with resp
to the densities taken at the Hartree-Fock solution,Vi j
5@d2E(n)/dnidnj #, and is usually expressed in terms
Fermi-liquid parameters. When the interaction is sh
ranged compared to the wavelength of the excitations of
terest, justifying the assumption that onlyl 50 terms are re-
tained,Vi j assumes a simple form. For example, in symm
ric nuclear matter the p-h interaction is given by@21#

V~k1 ,k2!5N0
21@F01G0s1•s21~F081G08s1•s2!t1•t2#,

~8!

wheres andt are spin and isospin Pauli matrices, which a
on the p-h states. To achieve full generality, Eq.~8! should
be supplemented with contributions from tensor interactio
The Fermi-liquid parametersF0 ,G0 ,F08 , andG08 are dimen-
sionless numbers andN052M* kF /p2 is the density of
states at the Fermi surface. In neutron matter, since we h
frozen the isospin degree of freedom, only the first two ter
contribute~with N0

215M* kF /p2), and the effective interac
tion V005N0

21F0 and V105N0
21G0. The nucleon effective

massM* , which arises due to a momentum-dependent in
action, is given byM* /M5(11F1/3).

Skyrme models have been successful in describing nu
and their excited states@16#. In addition, various authors
have explored its applicability to describe bulk matter at d
sities of relevance to neutron stars. The effective nucle
nucleon interaction of the standard Skyrme model is giv
by the potential@23#

VNN~r !5t0~11x0Ps!d~r !1
1

6
t3ng~11x3Ps!d~r !

1
1

2
t1~11x1Ps!@ k̂2d~r !1 k̂†2

d~r !#

1t2~11x2Ps!k̂†d~r !k̂, ~9!
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where the force parameterst0 ,t1 ,t2 ,t3 and the exchange
force parametersx0 ,x1 ,x2 ,x3 are empirically determined
The three-body interaction, which is written as a densi
dependent two-body interaction~through the parameterst3
and g), and the momentum-dependent interactions aris
due tot1 andt2 terms dominate the high-density behavior
these models.

The Fermi-liquid parameters for neutron matter, e
pressed explicitly in terms of the Skyrme parameters,
collected in Appendix A. Figure 2 shows the results for fo
different sets of Skyrme parameters fornB&4n0. A striking
feature is the large density dependence of the Fermi-liq
parameters. While the qualitative behaviors of all four p
rameter sets are similar, significant quantitative differen
exist. The models SkM* and SGII@24# have been con-
strained by fitting the properties of systems with very sm
isospin asymmetries, while the models SLy4 and SLy5 w
further constrained to reproduce the results of microsco
neutron matter calculations@25#. All four models become
unstable to spin oscillations and are driven towards a fe
magnetic ground state sinceG0.21 for densities in the
range ~2–4!n0. For 0.G0.21, the RPA corrections en
hance the spin response approximately by a factor
1G0)22, resulting in small neutrino mean free paths. F
G0,21, the spin symmetric ground state is unstable. At
phase transition density, RPA response functions of the s
symmetric state diverge, and the formalism developed t
far is inapplicable. The response functions of the energ
cally favored, spin-polarized ground state need to be ca
lated. We do not attempt to do this here; we merely note t
large enhancements in the RPA response functions are
cursors to a phase transition. We present results only
nB,2n0, for which the ground state is spin symmetric. Sp
instability is a common feature associated with a large cl
of Skyrme models@26#, but is not realized in more micro
scopic calculations. It must be emphasized that the inte
tion in the spin-dependent channel is a crucial ingredien
calculating the response functions. A ‘‘poorly’’ behaved sp

FIG. 2. The density dependence of the Fermi-liquid parame
and the neutron effective mass for neutron matter for Skyrme m
els studied in this work.
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2892 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
interaction introduces a significantly large model depende
in the neutrino cross sections.

F0, on the other hand, is well behaved and is qualitativ
similar to the results of microscopic calculations. This is e
pected, since interactions in this channel are fit to the emp
cal value of the nuclear compressibilityK0 at n0. The models
SLy4 and SLy5 (K05230 MeV! were further constrained to
reproduce the pressure versus density curve for pure neu
matter of the microscopic calculations of Wiringaet al. @27#.
To date, spin-dependent interactions in the Skyrme mo
have not been directly constrained. This accounts for
large differences among the various models. Whether or
a simple Skyrme model can mimic the bulk properties o
microscopic calculation of both spin-symmetric and sp
asymmetric systems remains an open question. For this
son, the use of a Skyrme model to describe the spin resp
of neutron matter for densities of interest in neutron st
does not appear to be promising until the spin-depend
interaction is constrained. Nevertheless, the energy-den
functional method provides a consistent framework to stu
the response of hot and dense asymmetric nuclear matter
hope that further studies will provide a better Skyrm
energy-density functional or an alternative parametrizat
that will be useful for neutron star calculations.

b. Microscopic potential models.In a microscopic ap-
proach, one starts with the bare interaction and obtains
effective interaction by solving iteratively the Beth
Goldstone equation. Commonly known as the Brueck
G-matrix method, this method provides a useful means
arriving at density-dependent effective p-h interactions. F
ther refinements include the use of correlated basis states
inclusion of a larger class of diagrams@28#. In this article, we
do not wish to address the merits and demerits of these
culations; instead, we contrast the neutron matter results
tained by Ba¨ckmann and Ka¨llman @29# with those of Jackson
et al. @28# for the Reid-v6 and Bethe-Johnson-v6 potentials
~see Fig. 3!. In sharp contrast to the Skyrme models, the
calculations predict a large and repulsive spin interact

FIG. 3. The density dependence of Fermi-liquid parameters
microscopic calculations from Refs.@28# and @29# ~see text for de-
tails!.
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(G0.1). Although the qualitative behaviors ofF0 and M*
are similar, important quantitative differences exist. In vie
of this, a knowledge of at least thel 50 Fermi-liquid param-
eters of more modern calculations@30,31# would be very
useful.

2. Neutral-current neutrino scattering cross sections

In the density regions where spin stability is assured,
neutrino mean free paths may be computed for the Sky
models in degenerate neutron matter, sinceM* , V00, and
V10 are easily expressible in terms of the Skyrme parame
~see Appendix A!. The models SLy4 and SLy5 have bee
constrained to better fit systems with large isospin asym
tries. For this reason, we choose the model SLy4 to study
neutron matter response. Figure 4 shows the neutrino dif
ential cross section for a neutrino energyEn525 MeV, at
fixed momentum transferq525 MeV, as a function ofq0 /q.
At nB50.04 fm23, the p-h interaction is attractive in th
density-density channel (F0520.7) and repulsive in the
spin-density channel (G050.6). This accounts for the en
hancement~over the Hartree result! in the vector channel and
suppression in the axial vector channel at smallq0. The en-
hancement in the spin channel whenq0 /q;vF , wherevF
5kF /M* is the velocity at the Fermi surface, is due to t
presence of a collective spin excitation that arises due to
large and repulsive spin interaction. At finite temperatur
the response is dominated by the kinematical region in wh
q0,T.

The bottom right panels of Fig. 4 show that a strong a
attractive interaction in the vector channel gives rise to

f

FIG. 4. The neutrino differential cross sections in neutron ma
as a function of the ratio of energy to momentum transfer forT
50 MeV ~left panels! and T510 MeV ~right panels! at n0 ~top
panels! andn0/4 ~bottom panels!. Results are for the Skyrme mode
SLy4 for q5En525 MeV. The symbolsV andA refer to the vector
and axial-vector contributions, respectively. Thin lines refer to
Hartree results and thick lines to the RPA results.
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PRC 59 2893EFFECTS OF STRONG AND ELECTROMAGNETIC . . .
large peak in the vector response which dominates the
differential cross section. The weak collective spin state s
at T50 is almost completely damped at finite temperatu
and only modestly enhances the cross sections in this k
matical region.

The top panels of Fig. 4 show results fornB
50.16 fm23. For densities close ton0, the p-h interaction in
both channels is relatively weak. It remains repulsive in
spin channel (G0>0.15) and attractive in the spin
independent channel (F0>20.28). The RPA correlations d
not significantly alter the differential cross sections since
modest suppression in the spin response is compensate
an enhancement in the density response. At higher dens
the Skyrme models investigated here predict a phase tra
tion to a ferromagnetic state and become acausal. In
view, these are clear indicators of an inherent high den
problem in the Skyrme models due to the very strong m
mentum and density dependence of the bare interaction.
large differences in the density dependence of the Fe
liquid parameters for the different models suggest that thi
indeed the case.

In Fig. 5, the neutrino differential cross sections for t
neutron matter EOS of Ba¨ckmann and Ka¨llman @29# are
shown. At all relevant densities, the repulsive spin inter
tion accounts for the suppression in the axial response
also for the enhancement in the region whereq0 /q;vF due
to the presence of a collective spin resonance. The ve
part is enhanced at low density and suppressed at hi
densities asF0 becomes positive. At 2n0, the repulsion in
this channel is sufficient to produce a weakly damped ze
sound mode. The total differential cross sections are sig
cantly suppressed in all cases, and the suppression incre
with increasing density.

The collision mean free paths for the Skyrme model SL
and for the microscopic model of Ba¨ckmann and Ka¨llman

FIG. 5. Same as Fig. 4, except that results are for the mode
Bäckmann and Ka¨llman @29# and are shown for three densities: 2n0

~top panels!, n0 ~center panels!, andn0/4 ~lower panels!.
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@29# are compared in Fig. 6. The mean free paths with a
without RPA corrections are labeledlRPA andlM* , respec-
tively. The qualitative trends are similar to those observed
the level of the differential cross sections. The ra
lRPA/lM* shown in the right panels indicate that typic
RPA corrections are large, but model dependent. Neut
mean free paths are suppressed in the model SLy4 due t
attractive p-h interaction. When the Fermi-liquid paramet
obtained by Ba¨ckmann and Ka¨llman @29# are employed, the
large and repulsive spin interactions enhance the mean
path by as much as a factor of 4. The differences between
Hartree results (lM* ) reflect the different density depen
dences of the nucleon effective mass predicted by these m
els ~see Fig. 2 and Fig. 3!. The density dependence ofM* in
the Skyrme model SLy4 is very strong, but is relatively mo
erate in the microscopic calculation due to Ba¨ckmann and
Källman @29#. The increase in the Hartree mean free pa
with increasing density is a result of the rapidly decreas
nucleon effective mass and the use of a nonrelativistic
persion relation. At high density, a nonrelativistic descripti
for the nucleon kinematics breaks down and results in a s
rious increase in the neutrino mean free path. In the n
section, we study the response of matter in relativistic m
els in which some of these deficiencies are remedied.

B. Relativistic models

In Walecka-type relativistic field-theoretical model
nucleons are described as Dirac spinors which interact
the exchange of mesons. In the simplest of these models
s- andv-meson fields simulate the attractive and repuls
character of the nucleon-nucleon interaction, respectiv
The strengths of the nucleon-meson couplings are fixed

of
FIG. 6. The density dependence of the neutrino mean free p

at energyEn5pT in neutron matter forT510, 20, and 30 MeV.
Results for the microscopic calculations of Ba¨ckmann and Ka¨llman
are in the top panels and those for the Skyrme model SLy4 ar
the bottom panels. The right panels show the extent to which R
corrections modify the Hartree results.
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the ground state properties of nuclear matter at satura
density by solving the field theory at a specified level
approximation@32#. Further, to account for the isovecto
character of the nucleon-nucleon interaction, ther-meson
contribution is included and therNN coupling is fixed by
the empirical value of the nuclear symmetry energy. In t
section, we study the response of neutron matter wh
ground state properties are calculated in the mean field
proximation to thesvr model.

The differential cross section per unit volumeV for
n-neutron scattering is given by@33#

1

V

d3s

d2V3dE3

52
GF

2

32p2

E3

E1
F12 expS 2q0

T D G21

3@12 f 3~E3!#Im~LabPab
R !, ~10!

where E1 and E3 are the incoming and outgoing neutrin
energies andq05E12E3 is the energy transfer in the rea
tion. In terms of the incoming neutrino four-momentumk
5(E1 ,kW ) and the four momentum transferqm5(q0 ,qW ), the
lepton tensorLab is given by

Lab58@2kakb1~k•q!gab2~kaqb1qakb!7 i eabmnkmqn#.
~11!

The target particle retarded polarization tensor, which i
function of the neutron chemical potential, temperature,
kinematical variablesq0, anduqW u, is

Im Pab
R 5 tanhS q0

2TD Im Pab , ~12!

wherePab is the time-ordered or causal polarization and
given by

Pab52 i E d4p

~2p!4
Tr $T@G2~p!JaG4~p1q!Jb#%. ~13!

The Green’s functionsGi(p) ~the indexi labels particle spe-
cies! describe the propagation of baryons at finite density
temperature. The current operatorJm is gm for the vector
current andgmg5 for the axial current. Given the structure o
the particle currents, we have

Pab5cV
2Pab

V 1cA
2Pab

A 22cVcAPab
VA . ~14!

For the vector polarization,$Ja ,Jb%::$ga ,gb%, for the axial
polarization,$Ja ,Jb%::$gag5 ,gbg5%, and for the mixed part
$Ja ,Jb%::$gag5 ,gb%. Using vector current conservation an
translational invariance,Pab

V may be written in terms of two
independent components. In a frame whereqm
5(q0 ,uqu,0,0), we have

PT5P22
V and PL52

qm
2

uqu2
P00

V .
n
f

s
se
p-

a
e

d

The axial current correlation function can be written as
vector piece plus a correction term:

Pmn
A 5Pmn

V 1gmnPA. ~15!

The mixed axial-vector current correlation function is

Pmn
VA5 i em,n,a,0q

aPVA. ~16!

The above mean field or Hartree polarizations, which ch
acterize the medium response to the neutrino, have been
plicitly evaluated in previous works@34,35# and are collected
in Appendix B. At the Hartree level, the only modificatio
that arises is due to the density dependent nucleon effec
mass.

In the svr model, p-h excitations propagate in the m
dium via the interactions arising due to these mesons.
RPA response includes a subclass of these excitati
namely, the ring diagrams are summed to all orders by s
ing the Dyson equation@8#. To calculate the required polar
izations, we begin with the Lagrangian density

L5(
B

B̄~2 igm]m2gvBgmvm2grBgmbm•t2MB

1gsBs!B2
1

4
WmnWmn1

1

2
mv

2 vmvm2
1

4
BmnBmn

1
1

2
mr

2bmbm1
1

2
]ms]ms2

1

2
ms

2s22U~s!

1(
l

l̄ ~2 igm]m2ml !l .

Here,B are the Dirac spinors for baryons andt is the isospin
operator. The field strength tensors for thev andr mesons
are Wmn5]mvn2]nvm and Bmn5]mbn2]nbm , respec-
tively, and U(s) represents the scalar self-interactio
and is taken to be of the formU(s)5(b/3)Mn(gsNs)3

1(c/4)(gsNs)4. The model may then be solved either in th
mean field approximation~MFT! or in the relativistic Hartree
approximation~RHA!. In either case, the nucleon propagat
G(pm) retains the same structure as in the noninterac
case, but with constant density-dependent shifts to the m
and energy due the presence of scalar and vector mean fi
Explicitly, M→M* 5M2gss and p0→p0* 5p02gvv
1 1

2 grb, wheres, v, and b are the zeroth components o
the s-, v-, andr-meson mean fields. The Hartree polariz
tion functions~see Appendix B! are only sensitive to mas
shifts since the momentum-independent energy shifts exa
cancel. The Dyson equations for the various polarizations

P̃m,n5Pm,n1P̃m,tDt,gPg,n, ~17!

whereP̃m,n is the RPA polarization function andDt,g is the
interaction due to the exchange of scalar and vector mes
The RPA response in these field-theoretical models h
been studied previously@33#. Here, we gather the importan
steps leading to the evaluation of the RPA corrections. T
correction to the vector part of the response is given by
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dPV
m,n5P̃m,n2Pm,n. ~18!

In order to account for the mixing between the attract
scalar and the repulsive vector interactions, the Dyson eq
tion in the isoscalar longitudinal channel becomes

F P̃S P̃M

P̃M P̃00G5F PS PM

PM P00G1F P̃S P̃M

P̃M P̃00G F2xS 0

0 2x̃V
G

3F PS PM

PM P00G . ~19!

The interaction matrix is written in terms of the variables

xS5
~gs /ms!2

12qm
2 /ms

2
, xv5

~gv /mv!2

12qm
2 /mv

2
, xr5

~gr /mr!2

12qm
2 /mr

2
,

~20!

and x̃V5qm
2 xV /q2, wherexV5xv1xr/4 is the sum ofv-

and r-meson contributions to the vector interaction. No
that ther-meson contribution to the interaction is signi
cantly smaller than that of thev meson and provides a ver
small additional repulsion. The dominant contributions ar
due tos and v mesons. The solution to the above mat
equation yields

dPV
0052F x̃VP00

2 1xSPM
2 2x̃VxS~PM

2 2P00PS!

eL
G ,

eL511xSPS1x̃VP001x̃VxS~PM
2 2P00PS!. ~21!

Only the vector mesons contribute to the transverse parts
the RPA corrections in this case take the simple form

dPT5dP225
PTxVPT

eT
, eT511xVPT . ~22!

The axial-vector polarization is not significantly modified
the svr model, since the vector mesons modify the ax
response only through the vector-axial vector mixing. T
corrections to the axial-vector response due to the corr
tions induced by the vector mesons are given by the relat

P̃A
mn5PA

mn1PVxVP̃VA , P̃VA5PVA1P̃VAxVPT .
~23!

To directly modify the axial response, we require a mes
with a pseudovector coupling to the nucleons. The light
meson which may be coupled to the nucleons in this wa
the pion. However, the direct part of the pion contribution
this channel will be suppressed in the long-wavelength lim
since the derivativepNN coupling vanishes in the limitqm
→0. In addition, it is well known from nuclear phenomeno
ogy that there exists a large repulsive component in the s
isospin channel. To account for this large repulsion, vari
authors~see, for example, Ref.@21#! have suggested the us
of a very-short-range repulsive interaction parametriz
a-

e

nd

l
e
a-
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d

through the so-called Migdal parameterg8. This is usually
accomplished by modifying the pion propagator according
@36#

qmqn

qm
2 2mp

2
→

qmqn

qm
2 2mp

2
2g8gmn . ~24!

The value ofg8 is expected to be in the range~0.5–0.7! in
nonrelativistic models. However, a detailed study to emp
cally determine this value in relativistic models does not e
ist. For this reason, we introduce a pointlike interaction w
a pseudovector coupling to the nucleons and parametriz
strength through the Migdal parameterg8. The strength of
the coupling is given byxA5g8 f p

2 /mp
2 . The pion contribu-

tion, which is expected to be attractive, albeit small, is n
explicitly taken into account, since we are treatingg8 as a
parameter that characterizes the total strength in
pseudovector channel. With this choice, the RPA correcti
to the axial-vector polarization function are given by

dPA
mn5PA

mtD̃A
tgPA

gn

with

D̃A5~12DA!21DA , DA5xAgmn . ~25!

Having determined the correlated polarization functions,
may calculate the differential cross section in a relativis
model. For this purpose, we have chosen a mean field m
labeled GM3 and a model which includes the vacuum c
tributions incorporated through the relativistic Hartree a
proximation. The various coupling constants for the mo
GM3 and a detailed discussion of these field-theoret
models can be found in Ref.@1#.

We begin by discussing the results of neutrino mean f
paths obtained when RPA correlations are ignored~Fig. 7!.
In this case, the only medium dependence arises through
density-dependentM* . With increasing density, the decrea
ing M* nearly compensates for the increase in particle d
sity so as to make the neutrino mean free path approa
constant value at high density. This feature, seen in b
field-theoretical models, is not seen in the free gas case
which the neutrino mean free paths decrease far more
idly. The nonrelativistic cross sections, which are rough
proportional toM*

2
, are reduced significantly with decrea

ing M* . In the relativistic case, the cross sections are p
portional toEF

25kF
21M*

2
, resulting in a relatively weake

density dependence. Thus, at high densities of interes
neutron stars, the use of nonrelativistic reaction kinema
underestimates the cross sections by approximately a fa
(M*

2
/EF

2) due to the decreasing behavior ofM* with den-
sity. This factor could be as small as 0.5 at high density.

RPA corrections in models GM3 and RHA due to th
s, v, r, andg8 correlations suppress the cross sections
high density owing to the repulsive character of these in
actions. At lower density, whenM* @kF , the mixing be-
tween the scalar and vector mesons is large and the inte
tion in the longitudinal vector channel is attractive due to t
dominant contribution of the scalar meson. At higher den
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ties, mixing becomes unimportant and vector meson con
butions dominate, leading to significant suppression. T
transverse components of the response in the vector cha
are reduced at all densities, since only the vector mes
contribute to this correlation function. In Fig. 8 and Fig.
the differential cross sections with and without correlatio
are shown for the RHA and GM3 models. In the absence
pseudovector correlations arising due tog8, only the vector
part is modified.

The corrections to the axial-vector response functions
negligibly small wheng850. The corrections to the vecto
part are significant at high density~more than a factor of 2!.
However, since the axial current contributions dominate
differential cross sections, even large suppressions to
vector part of the response will translate to only mod
changes in the neutrino scattering rates. To explore the
sitivity to the magnitude ofg8, we study the response fo
g850.3 andg850.6. The effects due to repulsive correl
tions are quite significant even forg850.3 ~see Fig. 8 and
Fig. 9!.

Figure 10 shows the mean free paths for the models
vestigated in this work. The left panels show the Hart
cross sections and the right panels show the extent to w
RPA correlations modify the Hartree results as a function
both density and temperature. RPA correlations due
s, v, and r mesons result in a~20–30!% increase in the
neutrino mean free paths over the Hartree results at h
density. These modifications are modest and show little d
sity dependence, since they predominantly act only on
vector part of the neutron matter response. The pseudove
corrections modify the dominant axial vector response
significantly increase the mean free path. With increas

FIG. 7. The density dependence of the neutrino mean free p
in the relativistic models RHA and GM3 in the Hartree approxim
tion ~i.e., RPA correlations were ignored! at energyEn5pT for T
50, 10, and 20 MeV. For reference, the results for the case
which effective mass corrections are ignored are also shown
dashed lines.
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density, these corrections first increase and then decreas
to the small nucleon effective mass at high density.

III. NEUTRAL CURRENT NEUTRINO CROSS SECTIONS
IN MULTICOMPONENT MATTER

The response of multicomponent matter differs in seve
respects from that of a single-component system. At the
gas level, the neutrino cross sections are influenced by c
positional effects arising due to species specific neutri
matter couplings, and more importantly due to a reduction
the Pauli blocking. At fixed baryon density and temperatu
additional baryonic components will significantly decrea
the degree of particle degeneracy and enhance the scatt
cross sections. In charged neutral matter containing nucle
and leptons inb equilibrium, the proton fraction depend
very sensitively on the dense matter EOS through
density-dependent nuclear symmetry energy. The role of
nuclear symmetry energy in determining the neutrino scat
ing and absorption mean free paths calculated in the Har
approximation was investigated in Ref.@1#. Here, we inves-
tigate the effects arising from RPA correlations in a mu
component system. As in Sec. II, we study the respons
both nonrelativistic and relativistic modes of dense matte

A. Nonrelativistic models

We begin by considering a two-component system co
prised of neutrons and protons. At first, we ignore the el

hs
-

in
as FIG. 8. The neutrino differential cross sections in neutron ma
in the model RHA forq5En525 MeV. Dotted lines show the
Hartree results, while solid, dashed, and dot-dashed curves sho
results including RPA correlations withg850, 0.3, and 0.6, respec
tively. The left panels haveT50 MeV and right panels haveT
510 MeV; the top panels are for 4n0 and bottom panels are forn0.
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tromagnetic correlations between the protons and dev
the basic formalism required to calculate the correlated
sponse of the strongly interacting system to neutrino sca
ing. For a two-component system, the Hartree polariza
function may be written as a 232 matrix, diagonal
(Pp

0 ,Pn
0), wherePp

0 andPn
0 are the proton and neutron po

larizations, whose real and imaginary parts may be explic
evaluated using Eq.~3! and Eq.~7!, respectively. To com-
pute the 232 RPA polarization function, we parametrize th
p-h interactions in the spin-independent and spin-depen
channels. The spin-independent interaction is given
f nn , f pp , and f np , and the spin dependent interaction
gnn , gpp , and gnp . It must be borne in mind that thes
parameters are associated with in-medium p-h interact
and not particle-particle interactions. For example, the
rameter f nn (gnn) is a measure of the matrix element b
tween twonn21 states with identical~opposite! spin projec-
tions, andf np (gnp) measures the matrix element betwe
nn21 andpp21 states with identical~opposite! spin projec-
tions @37#. In matrix form, the interactions in the spin inde
pendent and spin-dependent channels are given by

DV5F f pp f pn

f pn f nn
G , DA5Fgpp gpn

gpn gnn
G , ~26!

respectively. The Dyson equation for the vector polarizat
is

PV
RPA5P01PRPADVP0. ~27!

FIG. 9. Same as in Fig. 8, but for the model GM3.
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The axial polarization is obtained by replacingDV in the
above equation byDA . Solving the matrix equations, w
obtain

PV
RPA5

1

DV
F ~12 f nn Pn

0!Pp
0 f np Pp

0 Pn
0

f pn Pp
0 Pn

0 ~12 f pp Pp
0!Pn

G , ~28!

DV5@12 f nn Pn
02 f pp Pp

01 f pp Pp
0 f nn Pn

02 f np
2Pn

0 Pp
0#,
~29!

for the vector part, and

PA
RPA5

1

DA
F ~12gnn Pn

0!Pp
0 gnp Pp

0 Pn
0

gpn Pp
0 Pn

0 ~12gpp Pp
0!Pn

G , ~30!

DA5@12gnn Pn
02gpp Pp

01gpp Pp
0 gnn Pn

02gnp
2Pn

0 Pp
0#,
~31!

for the axial part. Multiplying the above polarization matr
ces by the appropriate vector and axial-vector couplings
the neutrons and protons, we arrive at the vector and ax
vector response functions

FIG. 10. The density and temperature dependences of neu
mean free paths at energyEn5pT in neutron matter. The top pan
els are for the model GM3; the bottom panels are for RHA. The
panels show the results in the Hartree approximation. In the r
panels, effects due to spin-dependent correlations introdu
through the Migdal parameterg8 are shown. The different curve
correspond to the same temperatures as in the left panels.
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SV~q0 ,q!5
1

12 exp~2q0 /T!
Im PV

RPA,

PV
RPA5F ~cV

p !2~12 f nnPn
0!Pp

01~cV
n !2~12 f ppPp

0!Pn
012cV

pcV
n f npPn

0Pp
0

DV
G ,

SA~q0 ,q!5
1

12 exp2~q0 /T!
Im PA

RPA,

PA
RPA5F ~cA

p !2~12gnnPn
0!Pp

01~cA
n !2~12gppPp

0!Pn
012cA

pcA
ngnpPn

0Pp
0

DA
G , ~32!
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f 2
respectively. In terms of these response functions, the dif
ential cross section per unit volume is given by

1

V

d3s~E1!

dV2 dq0

5
GF

2

8p3
E3

2

3@12 f n~E3!#@~11 cosu!SV~q0 ,q!

1~32 cosu!SA~q0 ,q!#, ~33!

where the various kinematical labels appearing above ar
in Eq. ~1!. Using Eq.~33!, the neutrino cross sections may b
computed if the p-h interaction is specified. From the disc
sion of the previous section, it is clear that these interacti
are model dependent and that uncertainties are large. Th
fore, we explore different dense matter models to identify
generic trends.

1. Particle-hole interactions in nuclear matter

In contrast to neutron-rich matter, for which we have lit
empirical information, the p-h interaction in nuclear mat
may be related to empirical values of the Fermi-liquid p
rameters at nuclear saturation density. The p-h interactio
written in terms of the Fermi-liquid parameters in Eq.~8!. In
isospin-symmetric matter,f nn5 f pp and gnn5gpp . This al-
lows us to directly relate the interaction strengths to Fer
liquid parameters@37#:

f nn5
F01F08

N0
, f np5

F02F08

N0
, gnn5

G01G08

N0
,

gnp5
G02G08

N0
, ~34!

whereN052M* kf /p2 is the density of states at the Ferm
surface. Note that we have retained only thel 50 (s-wave!
terms, since we expect the momentum transfer in the
channel to be small for low-energy neutrino scattering. Ho
ever, the momentum dependent part of the interaction, wh
gives rise to thel 51 term,F153(12M* /M ) is still impor-
tant since it determines the nucleon effective mass and h
N0.

From FLT, we know that thel 50 Fermi-liquid param-
eters are directly related to macroscopic observables.F0 is
related to the isoscalar incompressibilityK59]P/]nB , and
r-

as

-
s
re-
e

r
-
is

i-

-h
-
h

ce

F08 is related to the nuclear symmetry energya4

5(nB/2)]2e/]n3
2 , wheren35nn2np is the isospin density.

Explicitly,

F05~K/6EF!21, F085~3a4 /EF!21, ~35!

with EF5(kF
2/2M* ) being the Fermi energy. Note that i

extracting the p-h interaction potential from experimental o
servables such asK anda4, a consistent value ofM* must
be employed, since bothF0 andF08 depend onM* .

At nuclear saturation density, investigation of the mon
pole resonances in nuclei suggests that the isoscalar c
pressibility K>240640 MeV @38#. Information from
neutron-rich nuclei and observed isovector giant dipole re
nances in nuclei requires thata4>3265 MeV, and empirical
determinations of the nucleon effective mass from level d
sity measurements in nuclei favorM* /M>0.760.1. For
typical values ofK5240 MeV, a4530 MeV, andM* /M
50.75, the Fermi-liquid parameters areF0520.18, F08
50.83, andF150.75. The spin-dependent parameterG0,
which is related to the experimentally observed isosca
spin-flip resonances, is estimated to be small,G050.160.1
@39,40#. In contrast, the parameterG08 , which is related to
the isovector spin-flip~giant Gamow-Teller! resonances in
nuclei is empirically estimated to be large,G08>1.560.2
@21,39#.

Using the empirical values for the Fermi-liquid param
eters F0520.18, F0850.83, G050, G0851.7, andM* /M
50.75, we find that the numerical values for the p-h inter
tion strengths in the various channels are

f nn5 f pp51.731025 MeV22, f np522.731025 MeV22,

gnn5gpp54.531025 MeV22,

gnp524.531025 MeV22. ~36!

Using these values, the neutrino scattering differential cr
sections in nuclear matter are shown in Fig. 11. The up
panels are for matter at zero temperature, where only
positive q0 response exists. The suppression due toM* ef-
fects is important, amounting to;50% reduction. Correla-
tions, which are predominantly repulsive in nature due to
large empirical values forG08 and F08 , result in significant
further reductions. The RPA result indicates a factor o
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reduction in the differential cross sections in the reg
q0 /q!vF , wherevF is the Fermi velocity. The presence o
a collective state in the regionq0 /q;vF enhances the cros
sections in this region. This enhancement, however, is
significant enough to override the large suppression see
the region whereq0 /q is small.

Integrating over theq0-q space, we obtain the total cros
section per unit volume or equivalently the inverse collisi
mean free path. This is shown in Fig. 12. The left pan
show the cross sections calculated by taking into acco
only effects due toM* . The results shown are for differen
temperatures and for a neutrino energyEn5pT. The right
panels show the ratiolRPA/lM* . The resulting increase inl
due to the presence of a repulsive p-h interaction is appr
mately a factor of 2.5 at low temperature and decreases
increasing temperature.

FIG. 11. The neutrino differential cross sections in symme
nuclear matter forq5En530 MeV. The Fermi-liquid parameter
employed are given in Eq.~36!. Results for the free gas, the Hartre
approximation, and with RPA correlations are compared forT50
and 10 MeV.

FIG. 12. The temperature dependence of the neutrino scatte
mean free path in symmetric nuclear matter at densityn0 for the
Fermi-liquid parameters in Eq.~36!. The left panel shows results fo
thermal neutrinos (En5pT) calculated in the Hartree approxima
tion, and the right panel shows the effect of RPA correlations.
ot
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The density dependence of the Fermi-liquid parameter
poorly constrained by data. Although numerous theoret
models have been constructed to gain insight into their hi
density behavior, there appears to be no general consens
the present time. Microscopic calculations of neutron ma
differ quantitatively depending on their underlying assum
tions. These model dependences are so large that no ge
qualitative trends may be identified. The exception is
isoscalar parameterF0, which becomes positive and in
creases with increasing density, a feature which may be
pected on general grounds as the repulsive vector me
contributions dominate. The uncertainties associated withF08
are related to the model dependence of the nuclear symm
energy. In models that favor a less than linear increase oa4

with density,F08 is expected to decrease with increasing de
sity @see Eq.~35!#. State-of-the-art microscopic many-bod
calculations favor a modest increase in the nuclear symm
energy at intermediate densities@27,31#; thus, we may expec
that F08 will generally decrease. The parameterG08 is related
to pion condensation, since it is a measure of the spin-iso
susceptibility of nuclear matter. The large repulsive charac
of G08 strongly inhibitss-wave pion condensation in the v
cinity of the nuclear saturation density. However, at high
densities pion condensation cannot be ruled outa priori
@30,31#. Thus, while we may expectG08 to decrease some
what with increasing density, quantitatively it remains ve
sensitive to the underlying model. The density dependenc
the isoscalar spin parameterG0, which is not well con-
strained even at nuclear density, is largely unknown.

Faced with these uncertainties, we begin by assuming
the spin-dependent parameters are fixed at their empi
values~determined at saturation density!, and use schematic
models to explore the influence of the density dependenc
F0 andF08 . For this purpose, we employ a simple paramet
form for the EOS@41# ~see Appendix A!. This model does
not explicitly address the role of spin-dependent interacti
and assumes that the favored ground state is spin symme
In particular, we choose the Skyrme-like models labe
‘‘SLn2’’ with a linear increase in the nuclear symmetry e
ergy. The index ‘‘n’’ in SLn2 takes on the valuesn51, 2,
and 3 for whichK5120, 180, and 240 MeV, respectively
The magnitudes of the RPA corrections to the neutrino m
free paths for these different EOS models are shown in F
13. Since the dominant contribution to the scattering cr
section arises from the axial vector response function,
magnitudes of the RPA corrections are mostly sensitive
the spin-dependent parameters. Thus, although the vecto
sponse of the nuclear medium is modified by about 50–8
at high density due to RPA effects, the changes due to
varying stiffness of the dense matter EOS are small. T
suggests that the neutrino mean free paths will not be sig
cantly altered due to variations in the nuclear compressib
(F0) or due to variations in the nuclear symmetry ener
(F08) as long as the axial contributions are not drastica
reduced.

Figure 14 shows the behavior of the neutrino mean f
paths in symmetric nuclear matter for the EOS labeled SL
as a function of density for the temperatures of interest
comparison of the upper and lower panels shows that the

c
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2900 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
significant temperature dependence in the Hartree and R
results, and that RPA corrections decrease with increa
temperature.

To explore the sensitivity to density-dependent spin int
actions, we employ the Skyrme models discussed earlie
Fig. 15 the Fermi-liquid parameters in symmetric matter
shown. As in the case of pure neutron matter, the res
show a large model dependence. The top panels in Fig
contain the neutrino cross sections for the model SGII, wh
has been constrained to fit the isovector giant dipole
Gamow-Teller resonances observed in nuclei. The neut
cross sections are enhanced at high density due to an a
tive interaction in the spin channels. Similar trends may a
be expected for the model SkM*, since the Fermi-liquid p

FIG. 13. The density dependence of the effect of RPA corre
tions on the neutral-current neutrino mean free paths in the non
ativistic SLn2 models with different compressibilities.

FIG. 14. The density dependence of the neutrino scatte
mean free path in symmetric nuclear matter for the EOS SL2
T510, 20, and 30 MeV. The upper panel shows results for ther
neutrinos (En5pT) calculated in the Hartree approximation, an
the lower panel shows the effect of RPA correlations.
A
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rameters show similar qualitative trends. The models SL
and SLy5 show distinctly different behavior, especially
the G0 and G08 channels, in addition to favoring a large
symmetry energy. Neutrino mean free paths for the mo
SLy4 are shown in the lower panels of Fig. 16. This mode
poorly behaved in the spin-isospin channel, the nega
value forG08 at nuclear density testifying to this fact. Unlik
the model SGII, which is stable up to;3n0 ~for higher
densitiesG0,21), the model SLy4 is stable in the spi
channel for all densities. However, it becomes unstable
long-wavelength spin-isospin oscillations~pion condensa-
tion! for n.2n0. It is this large attraction that is responsib

-
l-

g
at
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FIG. 15. The density dependence of the Fermi-liquid and eff
tive nucleon mass in symmetric nuclear matter for Skyrme mod
used in this paper.

FIG. 16. The neutrino scattering mean free paths in symme
nuclear matter for the Skyrme models SGII~top panels! and SLy4
~bottom panels!, at a neutrino energyEn5pT. Left panels show the
Hartree approximation and right panels show the effect of R
correlations.
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for the significant reductions in the mean free path obser
~see lower right panel Fig. 16!.

We wish to emphasize that the above model predicti
are strictly valid only for those densities at which the stab
ity conditions, which require all thel 50 Fermi-liquid pa-
rameters be greater21, are satisfied. In view of this, th
range of applicability of these models is limited to a sm
window in density centered around the saturation den
~see Fig. 15!. We have investigated a large class of Skyrm
models and find this to be a generic feature. It is not clea
the present time if the choice of a better parameter set
help alleviate this feature. More likely, addition
momentum- and density-dependent terms are required.
spite these shortcomings, the Skyrme energy-density fu
tional method provides a very simple and transparent sch
to calculate both the EOS and consistent opacities requ
for astrophysical problems. We hope that, in the future
Skyrme parametrization that mimics the results of mic
scopic many-body calculations will become available so
to facilitate finite temperature calculations of dense matte
arbitrary asymmetry.

2. b-Stable asymmetric matter

We now study the response of charge neutral matter ib
equilibrium using the schematic model labeled SL22, and
Skyrme models SGII and SLy4. The composition of mat
with and without neutrino trapping and at finite temperatu
is calculated as outlined in Ref.@1#. The linear increase in the
nuclear symmetry energy in the model SL22 favors re
tively large proton fractions compared to those predicted
the SGII and SLy4. Using the neutron and proton chem
potentials obtained by solving the EOS, neutrino mean f
paths are calculated as described earlier. The electr
which are relativistic for all densities of interest, cannot
consistently accounted for in a nonrelativistic treatme
Therefore, we defer the discussion of the response wh
includes electrons to the next section.

At first, we ignore the effects due to electromagnetic c
relations between the charged components and consider
the response of the strongly interacting baryonic com
nents. The differential cross sections are computed using
~33! with the appropriate baryon chemical potentials and
fective masses. The p-h interaction potentials in the sp
independent channel are computed consistently with
schematic EOS as described earlier, i.e., by taking functio
derivatives of the energy density with respect to neutron
proton number densities. In general, for asymmetric ma
f nnÞ f pp . Therefore, we require three independent quanti
to characterize the p-h interaction in the spin-independ
channel~unlike only two that were required for nuclear ma
ter!. The three relevant quantities may be computed direc
if the form of the potential part of the single particle spe
trum is known. For the model SL22 the single-particle sp
trum obtained by a functional differentiation of the potent
energy density is given in Eq.~A1! of Appendix A. The
functional derivatives of the single-particle potential ener
are then related to the p-h interaction parameters as follo

f nn5
dUn

dnn
, f pp5

dUp

dnp
, f np5

dUn

dnp
5

dUp

dnn
. ~37!
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For the spin-dependent part, we use empirical values s
our schematic EOS does not explicitly contain sp
dependent interactions. These empirical values are de
mined at saturation density and for symmetric nuclear m
ter. There isa priori no reason to expect that they wi
remain unchanged with increasing density and asymme
Our choice is therefore primarily motivated by its simplicit
and to a lesser extent by microscopic calculations that in
cate that these parameters do not change appreciably
density@28#. Figure 17 shows the differential cross sectio
in stellar matter with zero neutrino chemical potential. R
sults fornB5n0 ~bottom panels! and fornB53n0 ~top pan-
els!, with proton fractionsYp50.049 andYp50.22, respec-
tively, are shown. The structure seen in the Hartree res
~dashed curves! at T50 is associated with the fact that th
single-pair component of the the proton response is availa
only in the kinematical region whereq0<uqW uvF , wherevF

5kF
p/M p* is the velocity at the Fermi surface. FornB5n0,

the RPA cross section is suppressed by roughly a factor o
The choice of a large and repulsive spin interaction is som
what compensated by the attractive isoscalar componen
the p-h interaction. FornB53n0, p-h interactions are repul
sive in all channels and account for the larger~factor of 4!
suppression seen in the upper panels of Fig. 17.

In the Skyrme models, the p-h interactions in all the r
evant channels are explicitly calculable as functions of d
sity and proton fraction, and are given in Appendix A. T
differential cross sections are computed using Eq.~33! with
the appropriate model-dependent inputs, i.e., the p-h inte
tion, the neutron and proton chemical potentials, and the
fective masses. Results for the models SGII and SLy4
shown in Fig. 18. As a result of the large density and asy
metry dependence of the p-h interaction predicted by Sky

FIG. 17. Differential scattering cross sections inb-stable
neutrino-free matter for the schematic model SL22. The pro
fraction xp50.049 for nB5n0 ~lower panels! and xp50.22 atnB

53n0 ~upper panels!. The left panels show results forT50 while
right panels are forT510 MeV. En5q530 MeV are assumed.
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2902 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
models, the RPA corrections vary significantly with chan
ing density and proton fraction. The top panels show res
for nB50.16 fm23 and proton fractionYp50.05. The dif-
ferences seen in the Hartree results are due to the diffe
effective masses and proton fractions predicted by th
models. The RPA results differ qualitatively between the
two models. At nuclear saturation density~left panels!, both
models are stable with respect to spin-isospin fluctuati
and contain nearly equal proton fractions. The RPA respo
differs mainly due to the different spin-dependent inter
tions: SLy4 favors a large and attractive spin-isospin int
action, which strongly correlates the neutron and pro
spins and accounts for the enhancement in the kinema
region where the protons contribute~region whereq0 /q
<vF

p). In model SGII, the situation is reversed since the p
interaction is weakly repulsive in the spin channels and
counts for the modest suppression seen in the left-lo
panel of Fig. 18. At 2n0, the p-h interaction is large an
attractive in both the isoscalar and isovector spin chan
for both models. For model SLy4, this turns out to be
large that the spin-symmetricb-equilibrium ground state is
unstable to long-wavelength spin-isospin fluctuations, a f
ture which was already encountered in the case of symm
matter. Although the spin forces are large and attractive e
for the model SGII, they are not sufficiently large to ene
getically favor a spin-asymmetric state. The resulting
hancement in the RPA response is about a factor of 4
small q0 ~note that forT510 MeV, the RPA response plot
ted has been multiplied by 0.25) and decreases with incr
ing q0.

The collision mean free paths are shown in Fig. 19. T
Hartree mean free paths are shown in the left panels and
ratios of the RPA mean free paths to the Hartree results
shown in the right panels. The results show trends simila

FIG. 18. Differential scattering cross sections inb-stable
neutrino-free matter for the Skyrme models SLy4~top panels! and
SGII ~bottom panels!, for the indicated proton fractions and tem
peratures. Results for both the Hartree approximation~dashed lines!
and with RPA correlations~solid lines! are displayed.
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those observed earlier for neutron matter and for symme
nuclear matter. Results for the Skyrme models are
shown, since the RPA modes become unstable with incr
ing density and asymmetry. At low density and for sm
asymmetries, the trends are similar to those shown in Fig.

B. Relativistic models

The basic formalism required to calculate the response
a system containing nucleons and electrons within the fra
work of a relativistic mean field theory may be found in Re
@8#. Here, we summarize the main results of their work a
extend it to incorporate spin dependent correlations.

Neutron and proton single-pair excitations are coup
due to strong interactions. In addition, the proton and el
tron p-h excitations are coupled due to electromagnetic in
actions. To incorporate these correlations consistently,
write the various polarizations functions in matrix form. Th
vector part of the polarization has transverse and longitud
components. The transverse part is affected only due to
vector mesons. For a system comprised of neutrons, prot
and electrons, the RPA polarization is given by the Dys
equation

PT
RPA5PT1PT

RPADVPT , ~38!

where the three-component transverse polarization matr
diagonal (PT

e ,PT
p ,PT

n) and the interaction matrix, defined i
terms ofxg52e2/qm

2 , xV5xv1xr , and x I5xv2xr , is
given by

DV5F 2xg xg 0

xg 2xg2xV 2x I

0 2x I 2xV

G . ~39!

FIG. 19. The density dependence of the scattering mean
paths inb-stable asymmetric matter for the schematic model SL
at the indicated temperatures, in the Hartree approximation~left
panel! and with RPA correlations included~right panel!. In the right
panel, thick lines show results obtained by employing empiri
values for the spin parameters. Thin lines correspond to res
obtained without any spin-dependent p-h interaction.
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The above equation accounts for electromagnetic, isosc
and isovector strong interaction correlations. Since the sc
s and the vectorv mesons mix strongly in the longitudina
channel, the polarization matrix is written as a 434 matrix
equation@42#. Explicitly, the Dyson equation for the longi
tudinal part is

PL
RPA5PL1PL

RPADLPL , ~40!

with the longitudinal polarization for then, p, ande system
given by

PL5FP00
e 0 0 0

0 ~PS
p1PS

n! PM
p PM

n

0 PM
p P00

p 0

0 PM
p 0 P00

p

G ~41!

and the interaction matrix

DL5F 2x̃g 0 x̃g 0

0 2xS 0 0

x̃g 0 2x̃g2x̃V 2x̃ I

0 0 2x̃ I 2x̃V

G . ~42!

The interaction parameters arex̃V5qm
2 xV /q2, x̃ I

5qm
2 x I /q2, and x̃g5qm

2 xg /q2. The dominant modification
to the axial polarizations at small momentum transfers ar
due to the pseudovector contact interaction discussed ea
and is parametrized by the Migdal parameterg8. Further,
since the electromagnetic contributions to spin correlati
are negligible, we account only for the correlations due
strong interactions between neutrons and protons. It is c
ventional to introduce the short-range correlations by mo
fying the pion propagator in the pseudovector form of t
pion-nucleon interaction described by the Lagrangian den

L52~ f p /mp!c̄g5gmtc]mp. ~43!

The Migdal parameterg8 enters through the modified pio
propagator

qmqn

qmu22mp
2 1 i e

→
qmqn

qmu22mp
2 1 i e

2g8gmn , ~44!

and theNNp vertex becomes

GNNp
m 5A2~ f p /mp!g5gm. ~45!

At small momentum transfers, the repulsive contact te
overwhelms the attraction arising due to one-pion exchan
For this reason, we retain only the contribution from theg8
term in the RPA equations. For a two-component syst
this requires us to extend the Dyson equation for the a
vector part in Eq.~25! to an 838 matrix. However, it can be
explicitly shown that forcA

p52cA
n , the cross terms cance

and the RPA axial polarization for then-p system closely
resembles that for a one-component system, but withPA

5PA
n1PA

p . This greatly simplifies the formalism required
ar,
lar

s
lier

s
o
n-
i-

ty

e.

,
al

incorporate spin-dependent correlations. The RPA axial
larization is therefore once again given in terms of Eq.~25!.

We have ignored effects due to mixing of the vector a
axial correlations, since they are proportional toPVA , which
is negligible at small momentum and energy transfers.

Substituting the vector and axial vector RPA polarizatio
for the correlated three-component system into Eq.~10!, the
differential cross section for thenpe system is

1

V

d3s

d2VdEn

52
GF

2

32p3

E3

E1
@12 f 3~E3!#

3ImF LabPRPA
ab

12 exp~2q0 /T!
G . ~46!

Utilizing the particle fractions, nucleon effective masses, a
particle chemical potentials inb-equilibrated stellar matter
the neutrino cross sections and scattering mean free path
straightforwardly computed using the above equation.

In the model labeled RHA, the effects arising due
vacuum loops are explicitly taken into account both at
level of the EOS and the response functions. The differen
cross sections for this model are shown in Fig. 20 for
model GM3, wherein nonlinear scalar self-interactions p
an important role@43# ~it acts to lower the compressio
modulus, increase the nucleon effective mass, and make
‘‘effective’’ s-meson mass density dependent!. Since the
Migdal parameterg8 plays a dominant role in determinin
the RPA response, results for different values ofg8 are
shown. The modification to the vector response due to sca
vector, and isovector mesons is large, but it does not tra
late to large suppressions in the differential cross secti

FIG. 20. Differential cross sections atnB50.32 fm23 in
b-stable neutrino-free matter for the field-theoretical models R
~left panels! and GM3 ~right panels! for T50 ~lower panels! and
T510 MeV ~upper panels!. Results for the Hartree approximatio
alone and also including RPA corrections withg850, 0.1, and 0.6
are compared.
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2904 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
~top left panel of Fig. 20!, since the response is dominated
the axial current coupling of the neutrinos. The total suppr
sion remains very sensitive tog8 for which empirical values
are expected to be in the range 0.5–0.7. RPA correlat
suppress the neutrino scattering cross sections by typica
factor of 2–3.

The RPA and Hartree mean free paths of thermal neu
nos for the model GM3 are compared in Fig. 21. The effe
due to correlations increase with density and decrease
temperature. The decrease in the ratiolRPA/lH ~lower pan-
els! at high density is due to the decreasingM* . The
pseudovector pointlike coupling introduced throughg8 is
sensitive toM* @36# and its effects decrease with increasi
density. The results in the lower left panels indicate that
RPA correlations, even for a largeg8, will typically increase
the mean free path by a factor 2–2.5.

IV. CHARGED-CURRENT NEUTRINO CROSS SECTIONS
IN MULTICOMPONENT MATTER

The discussion thus far has focused upon the role of
relation effects on the neutral-current scattering reactio
While these reactions are the only source of opacity for thm
and t neutrinos, the electron neutrino mean free path is
the most part dominated by the charged-current reaction
1n→e21p. The absorption reaction is kinematically di
ferent from scattering, since the energy and momen
transfers are not limited by the matter’s temperature alo
The energy transfer is typically of orderm̂5mn2mp . In the
extremely degenerate case, for whichT/m!1, and in
neutrino-poor matter, final state Pauli blocking due to el
trons and momentum conservation restricts the availa
phase space. During the deleptonization epoch, the typ
neutrino momenta are large (;100–200 MeV! and despite

FIG. 21. The density and temperature dependences of
neutral-current mean free paths forb-stable neutrino free matter in
the field-theoretical model GM3. The upper left panel shows
Hartree results for the caseEn53T. The influence of the spin cor
relations introduced via the Migdal parameterg8 is strong, as can
be deduced from the results shown in the upper right and bot
panels.
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the mismatch of the neutron, proton, and electron Fermi m
menta, momentum conservation is easily satisfied with
aid of the neutrino’s momentum. This is no longer true in t
late stages of the cooling phase, in which the neutrino en
gies are of orderkBT. Further, a finite neutrino chemica
potential affects the relative displacement between the n
tron and proton chemical potentials according tom̂5me
2mn .

A. Nonrelativistic models

We begin by extending the formalism developed in S
III to incorporate the effects due to correlations. The diffe
ential cross section per unit volume, for the absorption re
tion in matter containing neutrons, protons, and electro
follows from Eq.~1!, and is given by

1

V

d3s~E1!

dV2 dq0

5
GF

2

8p3
E3

2@12 f e~E3!#

3@gV
2~11 cosu!SV

t ~q0 ,q!

1gA
2~32 cosu!SA

t ~q0 ,q!#, ~47!

where gV51 and gA51.26 are the charged current vect
and axial-vector coupling constants. The particle labels 2
4 correspond to the neutron and proton, respectively, an
to the final state electron. The other kinematical variables
similar to the case of scattering. The isospin and spin-isos
density response functions are defined in terms of the as
metric polarizationPt. As a result of the difference betwee
neutron and proton chemical potentials, and of the sing
particle energies,Pt differs significantly fromP0. For the
simple form of the single-particle energy given by Eq.~4!, an
analytic expression for the imaginary part may be deriv
~see Ref.@1# for details!,

Im Pt5
M2* M4* T

pq
@j22j1#, ~48!

j65 lnF 11 exp@~e62m21U2!/T#

11 exp@~e61q02m41U2!/T#G ,
e65

p6
2

2M2*
,

p6
2 5

2q2

x2 F S 11
xM4* c

q2 D 6A11
2xM4* c

q2 G . ~49!

The factors

x512
M4*

M2*
, c5q01U22U42

q2

2M4*
, ~50!

arise due to the isospin dependence of the single-par
potential energies. The real part is calculated numerically
using the Kramers-Kronig relation~7!. The RPA response
functions are related to the Hartree polarizationPt by the
Dyson equation. Explicitly,

he

e

m
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SV
t ~q0 ,q!5

1

12 exp$2@q01~m22m4!#/T%
Im F Pt

12 f cP
tG ,

~51!

SA
c ~q0 ,q!5

1

12 exp$2@q01~m22m4!#/T%
Im F Pt

12gcP
tG ,

~52!

where the p-h interactions in the vector and axial-vec
channels are given byf c andgc , respectively.

1. Symmetric nuclear matter

To elucidate the role of correlations, we begin with a br
discussion of the neutrino absorption reactions in symme
nuclear matter. Here, the kinematical complications aris
due to dissimilar neutron and proton Fermi surfaces and e
tron blocking are absent. To begin, we once again need
strength of the p-h interaction for the spin-independent
the spin-dependent channels. In contrast to scattering,
charge or isospin are transferred along the p-h channel in
charged-current absorption reaction. Thus, only the isos
changing part of the p-h interaction is relevant for t
charged-current reaction. In terms of the Fermi-liquid para
eters, this implies that onlyF08 andG08 contribute. For zero
range interactions, the potentials required to calculate
RPA response are given byf c52F08/N0 and gc52G08/N0,
where the factor of 2 arises due to isospin considerations
Fig. 22, the differential cross section for the charged-curr
neutrino absorption reaction in symmetric nuclear matte
shown. As discussed earlier, large and positive empir
Fermi-liquid parameters indicate a correspondingly large

FIG. 22. Charged-current diferential cross sections in symme
nuclear matter at nuclear saturation density, for the caseEn5q
550 MeV. Empirical values of the Fermi-liquid parameters a
employed, and results for the Hartree approximation and with R
correlations are compared. ForT50 ~left panel!, the peaks labeled
‘‘GD’’ and ‘‘GT’’ correspond to the giant dipole and Gamow
Teller resonances, respectively. ForT510 MeV ~right panel!, the
collective states are significantly broadened and overlap.
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repulsive p-h interaction. This accounts for the large supp
sion seen at smallq0. The suppression is roughly propo
tional to (11F08)

22 in the vector response and (11G08)
22 in

the axial response. At highq0 and for small temperature
well-defined collective modes in the isospin-density a
spin-isospin density channels appear. These correspon
the well-known giant dipole~labeled as GD in Fig. 22! and
giant Gamow-Teller~labeled as GT! resonances found in nu
clei. With increasing temperature, these collective states
significantly broadened due to Landau damping~see the right
panel of Fig. 22!.

2. Asymmetric nuclear matter

In asymmetric nuclear matter, strong interactions aff
the charged-current opacity both because of correlation
discussed above and because of the important role they

in determining the quantitym̂5mn2mp . The latter was dis-
cussed earlier in Ref.@1#. In the following discussion, we

show that the p-h interaction in the vector channel andm̂ are
directly related. It was noted in Eq.~35! that F08 was related
to the nuclear symmetry energy. The nuclear symmetry
ergy in turn determinesm̂, and thereby the proton fraction fo
stellar matter inb equilibrium@41#. Thus, a particular choice
of the p-h interaction in the isospin-density channel uniqu
determines bothm̂ and the extent to which correlations su
press the cross sections. Relative to the case in which
interactions are considered, these effects oppose each o
From Eq.~35!, it may be verified thatm̂ is linearly propor-
tional to (11F08). Correlations suppress the isospin-dens
fluctuations by a factor roughly proportional to (11F08)

22.
The cumulative effect on the total absorption cross sectio
easily deduced by noting that the cross section is a lin
function of m̂ ~see Ref.@1#!, and is inversely proportional to
(11F08)

2. This underscores the need to employ a p-h int
action that is consistent with the EOS employed to comp
the composition of charge-neutralb-equilibrated matter.
Here, we employ the schematic potential model SL22
compute the composition and the p-h interaction in the sp
independent channel.

The p-h interaction in the spin-isospin channel has b
studied extensively in the context of charge-exchan
nuclear reactions@39#, muon capture rates on nuclei@44#,
and pion condensation@45#. In these studies, a p-h interac
tion arising due to the exchange ofp and r mesons is in-
cluded to account for the momentum dependence, in addi
to the short-range repulsion parametrized through the Mig
parameterg8. The isovector interaction in the longitudina
channel arises due top exchange and in the transverse cha
nel due tor-meson exchange. We employ this widely us
form for the p-h interaction, which has been successfu
describing a variety of nuclear phenomena@46#. The longi-
tudinal and transverse potentials in thep1r1g8 model are
given by

VL~q0 ,q!5
f p

2

mp
2 S q2

q0
22q22mp

2
Fp

2 ~q!1g8D , ~53!
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VT~q0 ,q!5
f p

2

mp
2 S q2Cr

q0
22q22mr

2
Fr

2~q!1g8D , ~54!

where Fp5(L22mp
2 )/(L22q2) and Fr5(Lr

22mr
2)/(Lr

2

2q2) are thepNN and rNN form factors @46#, and the
numerical value ofg8 used was 0.6. With this choice for th
p-h interaction, the axial response function is given by

SA
c ~q0 ,q!5F 1

12 exp@2~q01m̂ !/T#
G Im Pt~q0 ,q!

3S 1

3eL
1

2

3eT
D , ~55!

eL5@122VL ReP0~q0 ,q!#21@2VL Im P0~q0 ,q!#2,
~56!

eT5@122VL ReP0~q0 ,q!#21@2VT Im P0~q0 ,q!#2.
~57!

Using the axial response function given above and a
interaction in the isospin-density channel, which is direc
related to the nuclear symmetry energy predicted by
EOS, the neutrino absorption cross sections are comput

In Fig. 23, the Hartree and RPA results for the different
cross section for the absorption reaction are shown fornB
50.16 fm23 and nB50.48 fm23. The neutrino chemica
potential and proton fraction determined by the finite te
perature EOS are also shown in the figure. Since only th
neutrinos close to the Fermi surface participate in transp
we have chosen the neutrino energyEn5mn . The response
peaks in the region whereq0;2m̂. The RPA suppression i
roughly a factor of 2 for the kinematics shown here. T
relatively smaller suppression seen here is due to the l
energy and momentum transferred to the baryons. Since

FIG. 23. Charged current differential cross sections inb-stable
matter forYL50.4 andT510 MeV atnB5n0 ~left panel! andnB

53n0 ~right panel!. The schematic model SL22 was employe
Results for the Hartree approximation and with RPA correlatio
are compared for the caseq5En5mn .
h

e
.
l

-
se
rt,

ge
he

charged current probes small distances, the effects of m
body correlations are somewhat suppressed. Further,
pion-exchange contribution to the p-h interaction is attract
at largeuqW u and acts to decrease the short-range repulsion
to g8.

The neutrino absorption mean free path is shown in F
24 for neutrino trapped matter atYL50.4 for different tem-
peratures and densities of relevance. The trends are
similar to the case of scattering. The left panel shows
Hartree results, wherein effects arising due to the dens
dependent nucleon effective masses and single-particle
tentials are included. The increase in the mean free pat
high density arises due to the rapidly droppingM* (nB) and
the use of a nonrelativistic form for the single-particle e
ergy. The magnitudes of the RPA corrections are shown
the right panels. On average, the enhancement is abo
factor of 2–3. At intermediate baryon density, this enhan
ment increases with density and decreases with tempera
At higher density, the rapid decrease inM* decreases the
density of p-h states at the Fermi surface and thereby red
the magnitude of the RPA corrections.

During the cooling epoch of a protoneutron star, the n
trino chemical potential becomes progressively smaller.
typical electron neutrino energies of orderT, the kinematical
restriction on the charged-current process becomes impo
at low temperature. The density dependence of the symm
energy essentially determines the density and temperatu
which these kinematical restrictions severely inhibit t
charged current rates. In the model SL22, which is char
terized by a linear symmetry energy, the kinematical rest
tions are unimportant fornB>2. At lower densities, and for
T!mp , there is significant suppression.

In Fig. 25, the Hartree and RPA differential cross sectio
are compared. The momentum transfer was held consta
uqW u5me1pT to ensure momentum conservation. The
sponse peaks in the regionq0;(2me1En) and exponen-
tially decreases for largerq0 due to Pauli blocking of the
degenerate electrons. On the other hand, the final state P
blocking due to protons is negligible, since protons are fa
nondegenerate. This combined with the large negative

.
s

FIG. 24. The density and temperature dependences of
charged-current neutrino mean free path inb-stable matter for the
SL22 model assumingYL50.4. Results for the Hartree approxima
tion ~left panel! are compared with those including RPA correctio
~right panel! with g850.6.
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ergy transfers results in the real partPt becoming large and
negative, leading to significant reductions~factor;4) in the
RPA cross sections. FornB50.48 fm23, a larger proton
fraction and a lower nucleon effective mass decrease
magnitude of the real partPt. In this case, the suppressio
due to correlations is only about a factor of 1.5–2.

In Fig. 26, neutrino absorption mean free paths for ma
in which mn50 are shown. The trend identified in the pr
ceding discussion, by which we may expect to find a la
enhancement at intermediate densities and low temperat
is clearly seen. FornB>2n0, correlations enhance the mea
free paths by a factor of;3 –4. For intermediate densitie
the enhancement is significantly larger and very sensitiv
the ambient temperature.

B. Relativistic models

In field-theoretical models, isovector correlations are
duced by interactions mediated by ther meson. Axial-vector
correlations, in the spin-isospin channel, arise due to
presence of a strong short-ranged component, which is c

FIG. 25. Same as Fig. 21, except for neutrino-free matter
for q5En1me andEn5pT.

FIG. 26. Same as Fig. 22, except for neutrino-free matter
for q5En1me andEn5pT.
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monly parametrized as a contact interaction of strengthg8.
The calculation of these vector and axial-vector response
similar to that discussed in Sec. II B, but with two importa
differences. First, thes and v mesons do not contribute
when isospin is transferred along the p-h channel. Seco
the polarization functions now describe the propagation
neutron-hole and proton-particle states, which depend om̂
5mn2mp and the isovector part of the single-particle pote
tial energy. The relevant polarizations are collected in A
pendix B.

The differential cross section for the charged-current
sorption reaction is the same as that for neutral-current s
tering, Eq.~10!, with the modification thatf 3(E3) is replaced
by f e(Ee). The vector part of the correlation functionPab

R is
modified due to ther-meson contribution. Explicitly, the
correction to the longitudinal part is

dP00
V 52F 2x̃ IP00

2

112x̃ IP00
G ~58!

and to the transverse part is

dPT5dP225
2PTx IPT

112x IPT
. ~59!

For momentum transfers of interest, the axial-vector curr
correlation function is modified mainly by the large and r
pulsive contact interaction of strengthg8. As discussed ear
lier, this is conventionally introduced as a correction to t
pion propogator@see Eq.~24!#. In principle, the contact term
will lead to r-p mixing via in-medium particle-hole states
These mixing effects are ignored in this work. This is jus
fied both becauseg8 is a phenomenological paramete
which is determined by ignoring these mixing effects, a
because the mixing, which is proportional to the vecto
axial-vector polarization function, is negligible at small m
mentum transfers. The RPA equation for the axial-vector
larization is as in Eq.~25!, but with xA replaced by 2xA ,
where the factor of 2 arises from isospin considerations.

In Fig. 27, the RPA and Hartree differential cross sectio
for neutrino absorption are shown fornB5n0 andnB53n0,
respectively. The results are presented for lepton-r
neutrino-trapped matter withYL50.4. The electron neutrino
energy and the momentum transfer are both set equal to
neutrino chemical potential. The composition, individu
chemical potentials, and the density-dependent baryon ef
tive masses are computed using the field theoretical mo
GM3. The RPA differential cross sections are significan
suppressed relative to the Hartree results, particularly aro
the peak position, i.e., whenq0'2(mn2mp). The suppres-
sion decreases with increasing density.

The absolute magnitude of the differential cross sect
depends sensitively on the neutrino energy, the elec
chemical potential, composition, and temperature. In orde
assess the overall effects of RPA correlations, both as a fu
tion of density and temperature, we integrate overq0 andq
and compare the RPA and Hartree results for the neut
mean free paths in neutrino-trapped matter in Fig. 28.
expected, RPA correlations increase the neutrino mean
paths. The trends are very similar to those seen in the n

d

d
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2908 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
relativistic models. This is mainly due to the fact thatg8
plays a dominant role in suppressing the axial-vector
sponse in both cases. At low density, the minor differen
seen between the two approaches may be attributed to
different p-h interactions employed. Relativistic effects b
come important with increasing density and this accounts
the differences seen at higher density.

The RPA and Hartree differential cross sections in n
trino poor matter (mn50) are shown in Fig. 29. Because
important compositional and kinematical differences,

FIG. 27. Charged-current differential cross sections inb-stable
matter forYL50.4 andT510 MeV atnB5n0 ~left panel! andnB

53n0 ~right panel!. The relativistic model GM3 was employed
Results for the Hartree approximation and with RPA correlatio
are compared for the caseq5En5mn .

FIG. 28. The density and temperature dependences of
charged-current neutrino mean free path inb-stable matter for the
GM3 model assumingYL50.4. Results for the Hartree approxim
tion ~left panel! are compared with those including RPA correctio
~right panel! with g850.6.
-
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neutrino absorption cross sections differ from those of n
relativistic models. At low density, Pauli blocking due
protons is small due to their low concentrations, which a
to enhance the polarization of the medium in the isos
channel. The suppression atnB5n0 ~left panel! is approxi-
mately a factor of 4. The suppression is reduced at h
density; atnB53n0 ~right panel!, the suppression is approx
mately a factor of 2.

The RPA and Hartree absorption mean free paths
compared in Fig. 30 as a function of density and tempe
ture. The qualitative trends are again very similar to tho
encountered in the nonrelativistic case~see Fig. 26!. The
quantitative differences are due to the different compositi
arising due to the different isovector interactions employ
It is clear that relativistic effects play an increasingly impo
tant role with increasing density, decreasing the level of s
pression compared with the nonrelativistic case.

s

he

FIG. 29. Same as Fig. 27, except for neutrino-free matter
for q5En1me andEn5pT.

FIG. 30. Same as Fig. 28, except for neutrino-free matter
for q5En1me andEn5pT.
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V. EFFECTS ON PROTONEUTRON STAR COOLING

Within a tenth of a second of the core bounce which p
cedes a supernova explosion in the death of a massive
the newly-formed neutron star, or protoneutron star, beco
quasistatic since its structure further evolves only in respo
to thermal and compositional changes in its interior. Th
changes are, for the most part, controlled by the diffusion
neutrinos from the interior. At high density and for tempe
tures above several MeV, the neutrino-matter reaction r
are sufficiently high to ensure that neutrinos are in therm
and chemical equilibrium. Thus, in the equilibrium diffusio
aproximation ~EDA!, the neutrino distribution function in
these regions is both nearly Fermi-Dirac and isotropic. Th
assumptions have been used to study the evolution of
PNS @47–49#.

In the EDA, the distribution function in a spherically sym
metric background can be approximated by an expansio
terms of Legendre polynomials toO(m), with m being the
angle between the neutrino momentum and the radial di
tion. Explicitly,

f ~v,m!5 f 0~v!1m f 1~v!, f 05@11e~v2mn!/kT!] 21,
~60!

where f 0 is the Fermi-Dirac distribution function at equilib
rium (T5Tmat, mn5mn

eq), with v and mn being the neu-
trino energy and chemical potential, respectively. This
lows the energy-integrated fluxes of lepton number a
energy to be expressed as a linear combination of gradi
of the chemical potential and the temperature@49#:

Fn52
e2Le2fT2

6p2 FD3

]~Tef!

]r
1~Tef!D2

]h

]r G , ~61!

Fe52
e2Le2fT3

6p2 FD4

]~Tef!

]r
1~Tef!D3

]h

]r G . ~62!

The diffusion coefficientsD2 , D3, and D4 arise naturally
from the transport equations and contain all the microphy
of the neutrino-matter interactions. They are defined by

Dn5E
0

`

dxxnD~v! f 0~v!@12 f 0~v!#, ~63!

wherex5v/T and D(v)5(ka1ks)
21. The latter term in-

cludes the contribution of both absorption-emission opaci
(ka) and scattering opacities (ks), which are related to the
relevant cross sections by

ka,s~v!5
1

12 f 0~v!

sa,s

V
. ~64!

The fluxes in Eqs.~65! and ~66! are technically for one-
particle species. To include all six neutrino types, we re
fine them in an obvious notation as

D25D2
ne1D2

n̄e, D35D3
ne2D3

n̄e, D45D4
ne1D4

n̄e14D4
nm .

~65!
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Effects on PNS evolution produced by changes in the n
trino opacities can thus be understood in terms of change
the diffusion coefficients.

In Fig. 31 we show the ratio of each of the diffusio
coefficients calculated in the RPA approximation to tho
calculated in the Hartree approximation. The left panels d
play the results for neutrino-free matter and the right pan
show the results for neutrino-rich matter (Yn50.06). In the
region of interest during the first, or deleptonization, phase
the PNS evolution, in which the trapped neutrino abundan
are high and 10 MeV,T,50 MeV, the RPA corrections to
the diffusion coefficients are in the range 1.3–1.75 for ma
above nuclear density. This correction, at first glance, se
smaller than expected; a correction factor of'3 was ob-
tained for the mean free paths atEn5pT ~see Fig. 13!. How-
ever, the RPA correction redistributes strength in the sp
trum ~see Fig. 11!, decreasing the cross section at energ
near the peak while increasing the cross section for lar
energy exchange. The diffusion coefficients result from
energy integration over the entire spectrum. Another imp
tant feature is that in the region below about half nucle
density, and at low temperatures, the RPA corrections
diminished since the composition of matter becomes do
nated by nuclei instead of thenpe liquid. Therefore, the
diffusion coefficients in the outer regions of the PNS will n
be strongly altered by RPA corrections.

During the second, or cooling, phase of PNS evolution
which the excess neutrinos have been largely lost, the n
trino chemical potential is relatively low and nearly consta
throughout the star. The evolution is then governed by

FIG. 31. RPA corrections to the diffusion coefficients in th
density-temperature plane for the field-theoretical model GM3.
sults are shown for the three diffusion coefficientsD2 , D3, andD4

~upper, middle, and lower panels, respectively! for neutrino-free
matter~left panels! and neutrino-rich matter~right panels!.
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2910 PRC 59REDDY, PRAKASH, LATTIMER, AND PONS
neutrino energy flux, Eq.~62!, in which the electron neutrino
chemical potential gradient can be ignored. Thus,D4 will
become the dominant diffusion coefficient. The temperatu
are now smaller than in the earlier, deleptonization pha
being in the range 1,T/MeV,20. Figure 31 shows that th
RPA corrections, at 3 times nuclear density (0.5 fm23), are
larger than in neutrino-rich matter, and can exceed a facto
2.5. Nevertheless, at and below nuclear density, the cor
tions are considerably smaller, as observed in the prev
case. The effect of RPA corrections may be expected to
more evident in the cooling phase than in the deleptoniza
phase.

To study the effect in a realistic PNS simulation, we a
proximated the functionsDi

RPA/Di
H , for i 52 –4, by a fit in

terms ofnB , T, and Yn . Figure 32 shows the function as
sumed forYn50; the fits for other values ofYn are similar.
Notice the strong density dependence in the regionnB,n0.
We used these fits to correct the diffusion coefficients ca
lated in Ref.@49#, and performed a new PNS cooling sim
lation with the same code. The results of these calculati
can be compared with the earlier works by Burrows a
Sawyer@12# and Keilet al. @50#, who investigated the effect
of reduced neutrino opacity on the neutrino emission from
PNS.

Burrows and Sawyer@12# studied the effects of correla
tions in the RPA approximation, but implemented their fin
ings in their PNS simulations in a qualitative fashion: T
total opacities were decreased by a factor of 3.33 above
ther 1/2.7 or 1/5.4 times nuclear density, respectively.
facilitate a direct comparison, we performed two addition
simulations with the identical assumptions, which we refe
as exploratory calculations.

The opacity reduction employed by Keilet al. @50# was
based upon a phenomenological calculation of the nucl
spin fluctuation rate due to nucleon-nucleon collisions. T
neutrino cross sections were modified according to the
scription CA

2→FCA
2 , whereCA is the neutral-current axia

coupling constant of the nucleon. They also studied case
which the charged-current axial couplings were modified i
similar fashion. The factorF was inferred from a schemati
model and chosen to be

FIG. 32. The density and temerature dependence of the rat
the RPA and Hartree diffusion coefficients (Di

RPA/Di
H) in neutrino-

free matter.
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F512aF b

11bG , ~66!

whereb5(r/rc)
2(10/T). The overall strength of the opacity

correction is controlled by the value ofa, assumed to be in
the range21 to 0.95, so thata>0 corresponds to enhance
ment anda<0 to suppression. The density dependence w
varied by choosingrc5331013 or 1014g/cm3. However, for
typical conditions present in the early evolution of the PN
b@1 throughout most of the star, so that its precise va
becomes irrelevant. In this sense, the work of Ref.@50# mim-
ics our exploratory calculations. Nevertheless, their choice
rc results in strong suppression at densities as low
1013 g cm23, considerably lower than those explored in o
study or in Ref.@12#. We note that nucleon spin correlatio
functions at such low densities have been recently revis
by Sawyer@51#, who finds different results than those use
by Keil et al. @50#.

In Fig. 33, the evolution of the central values of the im
portant thermodynamic quantities is shown. The solid li
corresponds to the baseline model, the dashed and
dashed lines to the exploratory models A and B, and

of

FIG. 33. Central values of thermodynamic quantities~entropys,
temperatureT, baryon density nB , ne concentration Yn , ne

chemical potentialmn , electron concentrationYe) during the evo-
lution of a baryon mass 1.4M ( protoneutron star. The relativistic
model GM3 for nucleon-only matter was employed. Results
compared for the Hartree approximation~baseline case!, the inclu-
sion of RPA correlations, and a constant factor of three reduction
the opacities for densities greater thanu5nB /n051/2 and 1/4. The
latter case corresponds to that studied in Ref.@12#.
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PRC 59 2911EFFECTS OF STRONG AND ELECTROMAGNETIC . . .
dotted line to our RPA calculation. The main effects of t
larger mean free paths produced by the exploratory mo
and by our RPA corrections are that the inner core delep
izes more quickly. In turn, the maxima in central temperat
and entropy are reached on shorter time scales. In addi
the faster increase in thermal pressure in the core slows
compression associated with the deleptonization stage
though after 10 s the net compressions of all models c
verge.

The relatively large, early, changes in the central therm
dynamic variables do not, however, translate into simila
large effects on observables such as the total neutrino lu
nosity and the average radiated neutrino energy, relativ
the baseline simulation. The luminosities for the differe
models are shown as a function of time in Fig. 34 and F
35. Figure 34 shows the early time development in det
The exploratory models agree with the results reported
Burrows and Sawyer@12# and are qualitatively similar to
those reported in Ref.@50#. However, the magnitude of th
effects when full RPA corrections are applied is substantia
reduced compared to the exploratory models. It is espec
important that at and below nuclear density, the correcti
due to correlations are relatively small. Since informati
from the inner core is transmitted only by the neutrinos,
time scale to propagate any high-density effect to the neu
nosphere is the neutrino diffusion time scale. Since the n
trinosphere is at a density approximately 1/100 of nucl
density, and large correlation corrections occur only ab
1/3 nuclear density where nuclei disappear, we find that c
relation corrections calculated here have an effect at the
trinosphere only after 1.5 s. Moreover, the RPA supress

FIG. 34. The upper panel shows the total emitted neutrino
minosity for the protoneutron star evolutions described in Fig.
The curves are labeled as in Fig. 32. The lower panel shows
ratio of the luminosities obtained in the three models which con
corrections to the baseline~Hartree approximation! model.
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we have calculated is considerably smaller than those
ported in Ref.@12#, reaching a maximum of about 30% afte
5 s, compared to a luminosity increase of 50% after only 2
However, the corrections are still very important during t
longer-term cooling stage~see Fig. 35!, and result in a more
rapid onset of neutrino transparency compared to the Har
results.

VI. CONCLUSIONS AND OUTLOOK

The effects due to correlations are important, albeit mo
dependent. Because of the large neutrino-baryon axial-ve
coupling, the residual interaction in the spin-dependent ch
nels plays a crucial role in determining the magnitude of
RPA corrections. In pure neutron matter, these model dep
dences were carefully studied. In the Skyrme model, the
interaction in the spin channel becomes large and attrac
with increasing density. This drastically reduces the neutr
mean free path by enhancing the spin response. The opp
behavior is suggested by variational calculations of
Fermi-liquid parameters in neutron matter. In this case,
residual interaction at high density is strongly repulsive
the spin channels. A repulsive p-h interaction generica
shifts the strength from regions of small energy transferq0 to
large energy transfer. In the case of strong repulsion, col
tive spin excitations arise and the strength at smallq0 is
highly suppressed.

Not unexpectedly, the Skyrme models, in which the for
parameters are calibrated only at nuclear density, either
come unstable to spin fluctuations or violate causality at h
density. Schematic models such as SL22, which are pa
based on the Skyrme approach, are somewhat better beh
at high density, but they do not address the issue of s

-
.

he
n

FIG. 35. The total emitted neutrino luminosity for long-ter
protoneutron star evolutions described in Fig. 34. The curves
labeled as in Fig. 34.
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dependence in the nucleon-nucleon interaction. In th
models, the RPA corrections to the vector response ma
calculated consistently with the EOS. For the axial part,
empirical spin-isospin interaction determined by the value
the Fermi-liquid parameter G08 in symmetric nuclear matte
may be used.

The situation is quite similar in field-theoretical mode
wherein the full relativistic structure of the baryon curren
and, more importantly, relativistic kinematics of the scatt
ing reactions are naturally incorporated. In these models,
scalar-attractive contribution dominates at low density, le
ing to enhancement in the vector part of the scattering
sponse. With increasing density, the scalar decouples an
repulsive vector mesons suppress the cross sections. Thi
generic feature. The RPA corrections in the vector chann
generally suppress the neutrino cross sections at high de
and moderately enhance it at low density. The RPA corr
tions in the vector channel and the EOS properties suc
the compressibility and nuclear symmetry energy are i
mately related. In addition, we note that the nucleon effec
mass, which plays a significant role in determining the th
mal properties of matter, directly influences the magnitude
the RPA corrections. While this stresses the need for con
tency between the EOS and neutrino opacities, there app
to be some degree of decoupling between the strong inte
tion effects that influence the EOS and those that influe
the neutrino opacities. This is almost entirely due to the d
ferent roles played by a repulsive spin-dependent interac
in EOS and opacity calculations. They directly influence
dominant part of the neutrino opacities but play little role
determining the properties of spin-symmetric matter as lo
as the spin interaction is repulsive and the spin correla
energy is negligible compared to the other interaction en
gies. This is true for the field-theoretical model, wherein
introduction of a strong repulsive pseudovector-isovector
teraction through the Migdal parameter does not contrib
to the EOS at the mean field level, but plays an import
role in determining the neutrino mean free path.

The RPA correlations in multicomponent matter a
qualitatively different from those in single-component sy
tem. The presence of even a small proton fraction affects
shape of the matter’s response function. The generic tren
that it increases the strength at small energy transfer.
inclusion of electromagnetic correlations does not sign
cantly affect the neutrino mean free paths. The mixing of
photon with the vector mesons via the p-h states could re
in the presence of plasmonlike collective states in the s
tem. Although this might play an important role in determi
ing the average energy transfer in neutrino-matter inte
tions, it does not affect the overall neutrino mean free pa

The dominant role played by spin-dependent nucle
nucleon interactions in the medium and its present poo
constrained status does not allow us to draw definite con
sions. For the vector part, we showed that RPA opacities
consistent with the underlying EOS. In subsequent wo
we hope that better constraints on the spin-dependent in
actions in dense matter will allow calculations which will p
down its effects on both the EOS and on the opacities. At
present time, however, the RPA correlations remain sens
to this poorly known density and isospin dependence of
p-h spin interaction.
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Notwithstanding the above caveats, and the differen
between nonrelativistic and relativistic approaches such
the spin- and isospin-dependent interactions and the nuc
effective masses, suppressions of order 2–3, relative to
case in which correlations are ignored, are obtained. It is a
satisfying that the independent investigations of Burrows a
Sawyer@12# have led to a similar conclusion.

We studied the effects of RPA correlations on the evo
tion of protoneutron stars. Our calculations indicate th
while RPA correlations suppress the neutrino cross sec
by a factor of'3 at thermal neutrino energies, the net effe
on integrated quantities such as neutrino diffusion coe
cients is more moderate. This may be understood by no
that the diffusion coefficients, which are weighted averag
over neutrino energy and scattering angle, preferentially
lect the higher energy neutrinos and large angle scatte
events for which the RPA corrections are smaller. This p
tially explains why we do not find any dramatic variation
the early neutrino luminosity when RPA corrections are
corporated. The generic trend—that lower opacities im
higher luminosities at early to intermediate times and low
luminosities at late times—is a consequence of energy c
servation. Significant effects in observable quantities such
neutrino luminosities are predicted only after 1 s, since
low-density opacities are not significantly altered by t
RPA correlations studied here. Consequently, only after s
eral seconds are the neutrino luminosities increased b
much as 30%.

Since the early-time (t,2 s) neutrino luminosity plays a
crucial role in the supernova explosion, we emphasize tha
these times the dense interior, where many-body correlat
are important, is decoupled from the neutrino emitting
gion. The many-body correlations are diminished bel
nuclear densities, and at subnuclear densities the opac
are likely to be dominated by nuclei and their individu
abundances. In addition, there might be interesting effe
associated with the existence of phase transitions at
nuclear densities. Our work does not directly address th
issues. For this reason, we feel that it is premature to sp
late how these many-body correlations affect the supern
explosion mechanism. A study of neutrino opacities at s
nuclear densitiesr51011–1014 g/cm3, where two nucleon
processes (n1NN→n1NN) may play an important role
@13#, in addition to neutrino-electron, neutrino-nucleon, a
neutrino-nucleus scattering, will be able to shed more li
on the spectrum and total magnitude of the neutrino emiss
at very early times.

In addition, convection could play an important role du
ing the early evolution of the PNS@52#, significantly enhanc-
ing the luminosity and hardening the spectrum at early tim
both of which help the explosion mechanism@53#. The mag-
nitude and relative importance of convection in the reg
near the neutrinosphere appears to depend sensitively o
approximations made in solving the transport equations
on the details of the underlying post-collapse models@53,54#.
To the extent that convection enhances neutrino transp
the effects of correlations on the early PNS evolution may
even smaller than we have found. Current efforts to solve
Boltzmann transport equations along with the hydrodynam
equations in multidimensions will shed more light on the ro
of PNS convection and on the significance of modified n
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trino opacities for the supernova explosion mechanism.
The small differences seen in Fig. 35 between the n

trino lumonisities with and without RPA modifications fo
t,10 s cannot be discriminated in the case of SN 198
based upon the few observed events. However, the l
number of events expected in detectors such as SuperKa
kande, SNO, OMNIS, and LAND for a future galactic supe
nova should provide detailed information about the neutr
emission at late times. In a future publication, we will e
plore whether the modifications to the neutrino opacities
the type investigated in this work will be discernable from
future supernova neutrino signal. The task of isolating a
identifying features of the neutrino signal that is most sen
tive to the properties of matter and the neutrino opacities
the deep interior, while daunting, promises to provide use
insights into the nature and composition of dense mat
Recent progress made in the field of numerical modeling
supernova combined with the improved microphysical inp
~EOS and opacities! will go a long way toward achieving
this goal.
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APPENDIX A: PARTICLE-HOLE INTERACTIONS

The p-h interaction in the Skyrme and Skyrme-like sch
matic models may be directly obtained by double functio
differentiation of the potential energy density. The potent
energy density for the densities and temperatures of inte
is mainly a function of baryon density and proton fractio
The temperature dependence, which enters only through
explicitly momentum-dependent interactions, is weak.
what follows, we provide analytical expressions for the p
interaction at zero temperature.

The effective nucleon-nucleon interaction in the stand
Skyrme model@23# is given in Eq.~9!. The potential energy
density in the Hartree-Fock approximation for the above
teraction may be computed using the standard method
employing plane-wave states for the nucleons@23#. In terms
of the neutron and proton Fermi momentakF

n and kF
p , the

neutron and proton densitiesnn andnp , and the total baryon
densityn5nn1np , the potential energy density is given b
double
1

V
^V&5

1

2
t0S 11

1

2
x0Dn21

1

12
t3ng12S 11

1

2
x3D1

3

20F t1S 11
1

2
x1D1t2S 11

1

2
x2D Gn2~3p2n/2!4/32

1

2
t0S 1

2
1x0D ~np

21nn
2!

2
1

12
t3ngS 1

2
1x3D ~np

21nn
2!1

3

20F2t1S 1

2
1x1D1t2S 1

2
1x2D G@np

2 kF
2~p!1nn

2 kF
2~n!#. ~A1!

The single-particle potential energy for a given nucleon with isospin indext and with momentumk is

Ut~k!5
d^V&
dnkk

, ~A2!

wherenkk is the (tt)-diagonal element of the occupation number matrix

ni j [^Cuaj
1ai uC&, ~A3!

each labeli , j denoting momentum, spin, and isospin. For Skyrme interactions, one gets

Ut~k!5t0S 11
1

2
x0Dn1

1

6
t3ngS 11

1

2
x3Dn1

1

12
gt3ng21F S 11

1

2
x3Dn22S 1

2
1x3D ~nZ

21nN
2 !G1

1

4 F t1S 11
1

2
x1D

1t2S 11
1

2
x2D GnS k21

3

5
kF

2 D2t0S 1

2
1x0Dnt2

1

6
t3ngS 1

2
1x3Dnt2

1

4 F t1S 1

2
1x1D2t2S 1

2
1x2D GntFk21

3

5
kF

2~t!G .
~A4!

The p-h interaction is obtained by functional differentiation of the single-particle potential energy or equivalently the
functional differentiation of the total potential energy, namely,

^k1k3
21uVphuk4k2

21&5
d2^V&

dnk3k1
dnk4k2

. ~A5!

Hereafter, we will employ the standard notation for the participating momenta, namelyk15q1q1 , k25q2 , k35q1, and
k45q1q2, which indicates thatq is the transferred momentum. The p-h interaction can be expressed as
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Vp-h~q1 ,q2 ,q!5 (
~tt8,S!

V~tt8,S!~q1 ,q2 ,q! P~S!, ~A6!

with the p-h spin projectorsP(0)51/2 andP(1)5sW •sW 8/2. The symbol (tt8) indicates the four isospin combinations

~pp21;pp21! and ~nn21;nn21! with t85t, ~A7!

~pp21;nn21! and ~nn21;pp21! with t852t. ~A8!

Two other isospin combinations, namely, (pn21; pn21) and (np21; np21), are needed to describe the p-h interacti
relevant for the charge-exchange processes. These are, however, not independent, and may be related to interact
(pp21; pp21), (nn21; nn21), and (pp21; nn21) by isospin considerations. Denoting the p-h interaction in the s
independent channels asf pp , f nn , and f np for the particle-hole states (pp21;pp21), (nn21;nn21), and (pp21;nn21),
respectively, we arrive at the relations@56#

f nn5t0~12x0!1
1

6
t3ng~12x3!1

2

3
gt3ng21F S 11

1

2
x3Dn2S 1

2
1x3DnnG1

1

6
g~g21!t3ng22F S 11

1

2
x3Dn2

2S 1

2
1x3D ~np

21nn
2!G1

1

4
@ t1~12x1!23t2~11x2!#q21

1

4
@ t1~12x1!13t2~11x2!#kF~n!2, ~A9!

f np5
1

2
t0~x021!1

1

12
t3ng~x321!1

1

8
@ t1~x121!2t2~11x2!#q22

1

8
@ t1~x121!1t2~11x2!#@kF~n!21kF~p!2#.

~A10!

The interaction between p-h proton statesf pp is related tof nn evaluated at proton fraction (12x) by isospin symmetry. The
spin-dependent p-h interactions characterized bygnn , gpp , and gnp are obtained by taking functional derivatives of th
energy density with arbitrary spin excess and are given by

gnn5t0~x021!1
1

6
t3ng~x321!1

1

4
@ t1~x121!2t2~11x2!#q21

1

4
@ t1~x121!1t2~11x2!#kFn

2 , ~A11!

gnp5
1

2
t0x01

1

12
t3ngx31

1

8
@ t1x12t2x2#q21

1

8
@ t1x11t2x2#@kF~n!21kF~p!2#. ~A12!

As noted earlier, the quantitygpp is equal tognn evaluated at proton fraction (12x).
For the schematic models described in Ref.@41#, where one begins with a parametric form for the energy density for

symmetric, but for arbitrary isospin asymmetry. The single-particle potential, obtained by functional differentiation
potential energy density, is given by

Ui~n,x,k;T!5
1

5
uF (

i 51,2
$5Ci6~Ci28Zi !~122x!%Gg~k,L i !1AuF17

2

3 S 1

2
1x0D ~122x!G1BusF17

4

3

1

s11
~122x!

2
2

3

~s21!

~s11! S 1

2
1x3D ~122x!2G1

2

5

1

n0
(

i 51,2
H ~2Ci14Zi !2E d3k

~2p!3
g~k,L i ! f i~k!

1~3Ci24Zi !2E d3k

~2p!3
g~k,L i ! f j~k!J , ~A13!

where the upper~lower! sign in 7 is for neutrons~protons! and iÞ j . Taking functional derivatives of the single-partic
potential energy density, we arrive at the p-h interaction parameters

f nn5
dUn

dnn
, f pp5

dUp

dnp
, f np5

dUn

dnp
5

dUp

dnn
. ~A14!

Their explicit algebraic forms are
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f nn5AF12
2

3 S x01
1

2D G1C1F12
4

3

1

s11
@s~122x!22x#GBus212F2

3

s21

s11 S x31
1

2D @s~122x!224x~122x!#GBus21

1
2

5
@~3C24Z!x1~2C14Z!~12x!#2

2

3
a@~3C̄24Z̄!x2/31~2C̄14Z̄!~12x!2/3#u2/31

2

5
a@~3C̄24Z̄!x5/32~2C̄14Z̄!

3~12x!5/3#u2/31
2

5
~C̃28Z̃!x kFn

2, ~A15!

f np5AF11
2

3 S x01
1

2D G1C1F12
4

3

1

s11
@s~122x!22~12x!#GBus212F2

3

s21

s11 S x31
1

2D @s~122x!224~12x!

3~122x!#GBus211
2

5
@~3C24Z!x1~2C14Z!~12x!#2

2

3
a@~3C̄24Z̄!x2/31~2C̄14Z̄!~12x!2/3#u2/3

1
2

5
a@~3C̄24Z̄!x5/32~2C̄14Z̄!~12x!5/3#u2/31

2

5
~C̃28Z̃!kFn

2, ~A16!
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C5C11C2 , C̃5S C1

L1
1

C2

L2
D , Z5Z11Z2 ,

Z̃5S Z1

L1
1

Z2

L2
D . ~A17!

The form of the energy density employed in these schem
models does not explicitly account for the explicit spin d
pendence of the nucleon-nucleon interaction. The poten
energy density is independent of any spin excess, indica
that gnn andgnp are zero.

The p-h interactions parameters discussed in this ap
dix are related to the Fermi-liquid parameters. In symme
nuclear matter the appropriate relations are

f nn5
F01F08

N0
, f np5

F02F08

N0
, gnn5

G01G08

N0
,

gnp5
G02G08

N0
, ~A18!

where the normalization factorN052M* kF /p2 is the den-
sity of states at the Fermi surface. For neutron matterF0
5N0f nn andG05gnnN0, with N05M* kF /p2.

APPENDIX B: POLARIZATION FUNCTIONS

The various polarization functions required to evalu
the Hartree and RPA response functions are presented in
appendix. The zero-temperature polarization functions m
be found in Ref.@34# and for finite temperatures in Ref.@35#.
Here, we collect the present extensions of these result
asymmetric matter, and, in particular, to unlike p-h exci
tions. For space like excitations,qm

2 <0, they are given by

Im PL~q0 ,qW !52pE d3p

~2p!3

Ep*
22upu2cos2 u

Ep* Ep1q*
Q,

~B1!
ic
-
al
g

n-
c

e
his
y

to
-

Im PT~q0 ,qW !5pE d3p

~2p!3

qm
2 /22upu2~12cos2 u!

Ep* Ep1q*
Q,

~B2!

Im PA~q0 ,qW !52pE d3p

~2p!3

M2*
2

Ep* Ep1q*
Q, ~B3!

Im PVA~q0 ,qW !52pE d3p

~2p!3

qm
2 M2*

uq2uEp* Ep1q*
Q. ~B4!

In the above,

Q5F~Ep* ,Ep1q* !@d„q02~Ep1q2Ep!…

1d„q02~Ep2Ep1q!…#, ~B5!

F~Ep* ,Ep1q* !5 f 2~Ep* !@12 f 4~Ep1q* !#, ~B6!

Ep* 5Aupu21M2*
2, Ep5Ep* 1U. ~B7!

The particle distribution functionsf i(E) are given by the
Fermi-Dirac distribution functions

f i~Ep* !5
1

11 exp@~Ep* 2n i !/kT#
, ~B8!

wheren is the effective chemical potential defined by

n i5m i2Ui5m i2~gvBi
v01t3Bi

grBi
b0!, ~B9!

and the particle labels 2 and 4 correspond to the initial a
final baryons.

The angular integrals are performed by exploiting t
delta functions. The three-dimensional integrals can be
duced to the following one-dimensional integrals:
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Im PL~q0 ,q!5
qm

2

2puqu3Ee2

`

dE@~E1q0/2!22uqu2/4#

3@F~E,E1q0!1F~E1q0 ,E!#, ~B10!

Im PT~q0 ,q!5
qm

2

4puqu3
E

e2

`

dE@~E* 1q0/2!21uqu2/4

1uqu2M2*
2
/qm

2 !] @F~E,E1q0!

1F~E1q0 ,E!#, ~B11!

Im PA~q0 ,q!5
M2*

2

2puqu Ee2

`

dE@F~E,E1q0!1F~E1q0 ,E!#,

~B12!

Im PVA~q0 ,q!5
qm

2

8puqu3Ee2

`

dE@2E1q0#@F~E,E1q0!

1F~E1q0 ,E!#. ~B13!

The lower cutoffe2 arises due to kinematical restriction
and is given by

e252b
q̃0

2
1

q

2Ab224
M2*

2

q22q̃0
2
, ~B14!

where

q̃05q01U22U4 , b511
M4*

2
2M2*

2

q22q̃0
2

. ~B15!

It is convenient to reexpress the polarization functions
follows:

Im PL
R~q0 ,q!5

qm
2

2puqu3 F I 21q0I 11
qm

2

4
I 0G , ~B16!

Im PT
R~q0 ,q!5

qm
2

4puqu3 F I 21q0I 1

1S qm
2

4
1

q2

2
1M2*

2 q2

qm
2 D I 0G , ~B17!

Im PA
R~q0 ,q!5

M2*
2

2puqu
I 0 , ~B18!

Im PVA
R ~q0 ,q!5

qm
2

8puqu3
@q0I 012I 1#, ~B19!

where we used the one-dimensional integrals

I n5 tanhS q01~m22m4!

2T D E
e2

`

dEEn@F~E,E1q0!

1F~E1q0 ,E!#. ~B20!
s

These integrals may be explicitly expressed in terms of
polylogarithmic functions

Lin~z!5E
0

z Lin21~x!

x
dx, Li1~x!5 ln~12x!, ~B21!

which are defined to conform to the definitions of Lew
@55#. This polylogarithm representation is particularly use
and compact:

I 05TzS 11
j1

z D , ~B22!

I 15T2zS m22U2

T
2

z

2
1

j2

z
1

e2j1

zT D , ~B23!

I 25T3zS ~m22U2!2

T2
2z

m22U2

T
1

p2

3
1

z2

3 D
2T3zS 2

j3

z
22

e2j2

Tz
2

e2
2 j1

T2z
D , ~B24!

wherez5@q01(m22m4)#/T and the factorsjn are given by

jn5Lin~2a1!2Lin~2a2!, ~B25!

with

a15 exp@~e22m21U2!/T#,

a25 exp@~e21q02m41U2!/T#. ~B26!

We note that the nonrelativistic structure function for neut
current scattering, Eq.~3! is, aside from the factor

M2*
2
T/pq, equal toI 0 sincej1[j2 . In the case of neutra

currents, some of the terms in the above are simplified,

z5
q0

T
, m25m4 , e252

q0

2
1

q

2
A124

M2*
2

qm
2

,

~B27!

and we recover the results obtained earlier in Ref.@35#.
For the real part, analytic forms do not exist. In the fo

lowing we present, in integral form, the required polarizati
functions. The results presented below generalize the res
of Ref. @35# to the case when the particle and hole sta
correspond to different baryons:

RePL52
4

p3E d3p
F~Ep* !

2Ep*
Fqm

2 ~Ep*
22upW u2cosu2!

qm
4 24~p•q!2 G

p05E
p*

5
2qm

2

p2uqW u3E0

`

dp
p

Ep*
F~Ep* !F upW uuqW u2

1

2
@~Ep*

22q0Ep*

1qm
2 /4!L22~Ep*

21q0Ep* 1qm
2 /4!L1#G , ~B28!
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RePT52
4
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2 1M* 2
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2
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uqW u2
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RePA52
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2Ep*
F qm
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qm
4 24~p•q!2G

p05E
p*

52
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2p2uqW u
E

0

`

dp
p

Ep*
F~Ep* !~L21L1!, ~B31!
lu-
RePM52
4M*

p3 E d3p
F~Ep* !

2Ep*
Fqm

2 Ep* 2q)~p•q!

qm
4 24~p•q!2 G

p05E
p*

52
M*

2p2uqW u
E

0

`

dp
p

Ep*
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~B32!

where

F~E!5
f i~E!1 f j~E!

2
, ~B33!

L15 lnF11
4uqW uupW u

2Ep* q02qm
2 12uqW uupW uG f i~Ep* !

F~E!
, ~B34!

L25 lnF12
4uqW uupW u

2Ep* q01qm
2 22uqW uupW uG f j~Ep* !

F~E!
. ~B35!

The particle labelsi and j refer to the initial and final state
baryons. Antiparticle contributions have been neglected
the above formulas as they provide negligible contributio
for the temperatures and densities of interest. Since the t
cal temperatures never exceed a few tens of MeV, they
be only important for electrons and only whenme!T.

The vacuum contributions, which only play a role in th
relativistic Hartree approximation, are not explicitly give
here, but may be found in Ref.@8#.
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