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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 sf&80556-28189)00105-3

PACS numbgs): 13.15+g, 26.60+c, 97.60.Jd

[. INTRODUCTION compute the weak interaction rates consistent with the under-
lying dense matter model. Iwamoto and Pethj& com-

The calculation of neutrino interactions in hot, dense matputed the neutrino mean free paths in pure neutron matter for
ter is highly relevant to the study of supernovas and protothe densities of relevance for neutron stars by calculating the
neutron stars. Neutrinos are thought to be intimately in-dynamical response within the framework of Fermi-liquid
volved in the supernova explosion mechanism. In additiontheory (FLT) [4-7]. Horowitz and Wehrberg€l8] studied
the time scales over which protoneutron stars deleptonizthe influence of correlations on the neutrino scattering in
and cool, which are crucial in predicting the neutrino light dense matter in a relativistic field-theoretical model. More
curve from a supernova, are determined by neutrino opaciecently, Fabbri and Materf9] have calculated neutrino
ties. In an earlier papdrl], we developed a formalism to scattering in asymmetric nuclear matter including the effects
determine both neutral- and charged-current opacities for inef the exchange interaction.
teracting matter, accounting for in-medium mass and energy These earlier works on neutrino interactions in dense mat-
shifts given by its underlying equation of state0S. The ter have shaped our approach. First accounts of our results
effects of degeneracy and relativity were incorporated, andnay be found in Ref4.10,11]. We urge the reader to consult
nuclear interactions modeled by both nonrelativistic potentiathe simultaneous and independent work of Burrows and
and relativistic field-theoretical approaches were studied. IrBawyer in Ref[12], with which our work has some overlap.
this paper, we extend this treatment to include importanHowever, important differences, both in the microphysical
sources of suppression and enhancement due to in-mediuimputs to the opacity calculations and in the underlying EOS
correlations. In particular, we include the effects due to bottmodels, distinguish our approach and results from theirs. We
strong and electromagnetic correlations in the system. Whilaill present a unified approach to calculate both the neutral
neutrinos can couple to many-particle states and induce muturrent scattering and charged current absorption reactions
tipair excitations, both of which could modify the responsefor the composition and temperatures of relevance to the pro-
function developed in Refl], single-pair excitations domi- toneutron sta(fPNS evolution. A systematic analysis of the
nate over multipair excitations for the kinematics of interestvarious nuclear physics inputs such as the particle-tml®
in neutrino scattering and absorption. Thus, we focus on thateractions in density, spin, and isospin channels is under-
effects of correlations on the single-pair excitation spectrumtaken, keeping in view the known nuclear ground state and

Pioneering work in calculating the neutrino mean freeexcited state properties. We will isolate the important
path in uniform nuclear matter was performed by Sawgér sources of enhancement and/or suppression due to in-
who showed that the effects due to strong interactions areedium correlations and highlight the important role of spin-
important and that the relation between the EOS and longand isospin-dependent p-h interactions. The need for further
wavelength excitations of the system may be exploited taefforts to pin down the poorly known spin-dependent inter-
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actions is clearly brought out by our investigations. Xx1071° MeV~5m~!, E, andE; are the incoming and out-
The neutrino cross sections and EOS are intimately r€0ing neutrino energies, ang=E, — E; andc]:IZI—k_)g are

lated. This relationship is most transparent in the 10Ng+he energy and momentum transfers in the scattering reac-

wavelength or static limit, in which the response of a system;q, The neutron-matter response, which depends on the ki-
to a weak external probe is completely determined by the

ground state thermodynami@&OS. Thus, in this limit, neu- ?em?tmal varlableﬂg and q”= |dQ|thS gharacyerlfzed bfy tthe
trino opacities which are consistent with a given E@Bcan unction S(qo,q) and I1s cafle € dynamic form tactor.
be calculated. However, when the energy and momenturﬁ'nce neutrinos couple to the vector and axial vector currents

transferred by the neutrinos are large, full consistency i§d)f thgt neutrorll, tt'he :cesp?nse IS given mdtet:]ms OT th; deqsny—
more difficult to achieve. Particle-hole and particle-particle ensity correlation functiorBy,(d,,q) and the spin-density

interactions[10—12, multipair excitations[13], and the correlation functior}Slo(qo,q). The subscripts .appea.ring “."
renormalization of the axial charda4,15 are examples of the response functio8, . represent the total spin and isospin

effects that may influence both the EOS and the opacity. idransferred along the p-h channel and are Ia-beled as follows:
this work, we investigate the influence of particle-hole exci-7—0 ando=0 for the neutral-current density response,
tations utilizing the random phase approximati@PA), in =0 ando=1 for the neutral-current spm-dgnsﬂy response,
which ring diagrams are summed to all orders. This may bg — 1 @ndo=0 for the charged-current density response, and
viewed as a first and minimal step towards achieving self7=1 and =1 for the charged-current spin-density re-
consistency between the response of matter to neutringGPOnSe. In the absence of strong interaction correlations,
induced perturbations and the underlying EOS, similar tg>00= S10= $°(do.q)- The functionS'(qo,q) is qllreé:tly re-
what has long been established in the study of collectivddted to the lowest-order polarization functidi™ (also

excitations in nuclei(multipole giant resonancgshrough ~ Known as the Lindhard functiofi7]) through the principle
electromagnetic probdd6]. of detailed balance, and accounts for correlations arising due

Throughout this paper, we employ both nonrelativistic po-t0 Pauli blocking[18,19. Explicitly,
tential and relativistic field-theoretical models for the EOS

0
and the evaluation of the neutrino-matter cross sections. This S%(qo,q) = M
is done in order to evaluate effects that are generic as well as 1—exp(—qo/T)
effects that are due to the precise description of the nucleon-
nucleon interactions. In Sec. Il, we study the response of 2 f(E)[1—f(Ej51q)]
. . HO( ): 3 P p+q

pure neutron matter and calculate the neutrino cross sections Qo.Q (2m) TE—E- ot
to gauge the effects due to RPA correlations. In Sec. lll, we g Qo™ Ep~Ejp+qTle
calculate the influence of many-body correlations on the —f £(E -, -

. . ’ : [1 (Ep)] (E\p+q|)
scattering and absorption reactions in both nuclear matter - =1, (2)
and multicomponent stellar mattericharge neutral, QotEp—Ejprq—l€

B-equilibrated mattér In Sec. IV, we compute protoneutron ) o o
star evolutions in order to evaluate the effects of correlationsvheref(E) =[1+ expE—x,)/T] ' is the Fermi-Dirac distri-
Our conclusions and outlook are contained in Sec. V. Exbution function, u, is the neutron chemical potential, and
plicit formulas for the various p-h interactions and polariza-Ep=P?/2M is the noninteracting nonrelativistic dispersion
tion functions needed to calculate the neutrino cross sectiod§lation for the neutrons. The imaginary part of the polariza-

are collected in Appendixes A and B, respectively. tion function may be explicitly evaluated whey<2kg and
go<(q, and is given by[1,20]

II. NEUTRAL CURRENT NEUTRINO CROSS SECTIONS

IN NEUTRON MATTER Im T19( )_MZT %o
Qo D=%mq | T
We begin with pure neutron matter to illustrate the vari-
ous strong interaction correlation effects that influence the I 1+ exd(e-—pup)/T] ”
neutrino mean free paths in dense matter. 1+ exg(e_+qo—ua)/T]) |
A. Nonrelativistic models P2 1 (go—q?/2M)? 3
In the nonrelativistic limit for the neutrons, the cross sec- “"2M 2 g’2m ©
tion per unit volume or the inverse mean free path for the
neutral current reactiom+n— v+n is given by[3] The total cross section per unit volume or the inverse colli-
sion mean free path of neutrinos due to scattering is obtained
1 d%¢(E;) G2 ) by integrating over thejy-q space.
Vv sz—qu :ﬁ E3[1-f,(Es)] The simplest modification t8(q,,q) due to strong inter-
actions arises due to the medium modification of the single-
X[C\2/(1+C039)SOO(quQ) particle dispersion relatiofL]. In the mean field approxima-
tion (in which particles are assumed to move independently
+62(3— o) Sy o). (1)  of each other in a common potenjiathe single-particle

spectrum may be cast into the form
wherec,,=0.5 andc,=0.615 are the neutral current vector

and axial vector couplings of the neutron aﬁzi=6.89 E(p)=p?/2M* +U, 4
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findings indicate that the neutrino mean free paths are

/ roughly enhanced by a factor proportional tM/{M*)2.
Y With increasing temperature, this enhancement decreases
only moderately. We are thus led to the conclusion that for
the densities and temperatures of interest, effects due to a
dropping in-medium nucleon mass significantly increase the
neutrino mean free path.

We turn now to address the effects of strong interaction

35

z 25 _ ’ .
< correlations. We first note that the nucleon-nucleon interac-
& tion for densities of relevance is not amenable to a perturba-

tive treatmenf21,22. Thus, we are forced to adopt approxi-
mate schemes to incorporate nonperturbative effects. The
random phase approximation, also known as the ring ap-
proximation, is particularly suited to describe the response of
matter at high densities. In the RPA, ring diagrams are
summed to all orders in order to incorporate p-h correlations.

05t L L L Single pair excitations created by the neutrinos are now al-
0 ! 2 3 4 lowed to propagate in the medium due to the presence of p-h
Ng/1 interactions. The strength of the interaction in a specific p-h

hchannel will therefore play a crucial role in determining the

(M*) and without(M) effective mass corrections as a function of magnitude .Of the RPA Correqtions. Defgrring to later sections

nucleon densityng in units of the nuclear equilibrium density, the _dlscusspn of the interaction potentials, W,e set up herg the

=0.16 fr 2. Results are shown for pure neutron matteiat5 _baS|c fqrmallsr_n to calcylgte the cross sections for a given

and 30 MeV. The dash-dotted curve shows the density dependendal€ractionVo, in the spin-independent channel awg in

of the neutron effective mass. the spin-dependent channel. The RPA polarization, as a re-

sult of summing ring diagrams to all orders,[ 3]

in schematic models which are designed to reproduce the

results of microscopic calculations. The single-particle po- RPA_ I1°

tential U and the(Landay effective massv* are in general i T 1—V..TI° ®

density dependent. Because the functional dependence of the !

spectra on the momenta is similar to that of the noninteractThe dynamic form factor which incorporates these correla-

ing case, the only modification to the free gas results arisegons is given by

due to the nucleon effective mass. Thus, to obtain the mean

field or Hartree response we need only replace the free 1 ImI1°(qq,9)

nucleon mas#/ in Eq. (3) by the in-medium mass*. The Sij(quQ):[l_ exp(qO/T)}

density dependence ofi* is model dependent and in non-

relativistic approaches _arises .due to thg presence of aeij(quq)z[l_vineHO(quq)]2+[Vij ImI1%qq,q)]>

momentum-dependent interaction. Modifications due to (6)

M*(ng) are important and always act to decrease the scat-

tering cross sections. This is chiefly due to the fact that d4n addition to the imaginary part of the polarization, which is

lower M* decreases the density of statdg=M*ke/7w2  sufficient to evaluate the free gas response, the real part is

near the Fermi surface and thereby the number of target ne@!so needed to evaluate the corrections due to strong interac-

trons available for Scattering_ Kinematica"y, a lowdr fa- tion correlations. At finite temperatures, the real part is eaSin

vors larger energy transfers by shifting the strength from loweVvaluated numerically by using the Kramers-Kronig relation

o to regions of highgg. For thermal neutrinos, the dominant . 0

contribution to the total cross section comes from the region Rel1%(q,,q) = — i’pJ do —Im M (w,q) ) (7)

|go|<=T, since factors arising from the principle of detailed T ) w—dp

balance and final state blocking for the neutrinos exponen- ) ) ) o o

t|a||y suppress the phase space thﬁ|27TT Thus’ for The dielectric screening fUnC“m‘}j is the Only modification

partially degenerate matter and for neutrino energies of orddhat arises in the RPA. If the interaction is repulsive

T, this shift in the strength leads to significant suppressionsij(do=0.d)>1, the medium response is suppressed, while

in the total cross sections. an attractive interaction will result in an enhancement. If the
The results in Fig. 1 show hoM* (ng), which depends repulsive interaction_ is strong, _the RPA response predicts the

on the strong interaction model, modifies the neutrino meag§Xistence of collective excitations such as zero sound and

free path as a function of density for different temperaturesSPin-zero sound which could enhance the response when the

For the illustrative results presented here, we have use@nergy transfer is finite and equal to the energy of the col-

M*/M=[1+a(ng/ng)] %, characteristic of a large class of lective state.

Skyrme models fong=<(3—4)n,, wheren,=0.16 fm 2 is _ _ i

the nuclear saturation density. Denoting the value of the 1. Particle-hole interactions

nucleon mass at, by Mg , the factora=(M—M§)/M§ . The particle-hole interactiow;; is in general a function of

For the results shown in Fig. 1, we have 8} =0.8. Our  density, temperaturejy, andq. For the temperatures of in-

FIG. 1. The ratio of the neutrino mean free paths computed witl

eij
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terest in the PNS evolutioryy, and g are typically smaller
than a few tens of MeV. Since the p-h interactions due to
strong interactions are short ranged I/meson mass) com-
pared with the typical wavelength of the excitations probed
by the neutrinos, the momentum dependence of the interac-
tion will not play a significant role. It is well known that the
effective interaction of meson exchange models results in
very large matrix elements due to the presence of a large
short-ranged component and cannot be used in perturbative
expansiori21,22. In nonrelativistic models, there are essen-
tially two complementary methods that have been used to
estimate the p-h interactions in nuclei and in bulk nuclear
matter. We outline the basic features of these methods and
employ the corresponding p-h interaction potentials to com-
pute the neutrino scattering cross sections.

a. Schematic potential modelSkyrme-type models start
from a zero-range and density- and momentum-dependent
potential from which an energy density functional is con-
structed. The force parameters are determined empirically by

calculating the ground state in the Hartree-Fock approxima- £ 2. The density dependence of the Fermi-liquid parameters

tion and by fitting the observed ground state properties ofnq the neutron effective mass for neutron matter for Skyrme mod-
nuclei and nuclear matter. Using Landau Fermi-liquidgs studied in this work.

theory, the effective p-h interaction is given by the second

functional derivative of the total energy density with respectwhere the force parametetg,t;,t,,t; and the exchange
to the densities taken at the Hartree-Fock solutidfy, force parameters,Xx;,X,,X; are empirically determined.
=[52E(n)/5ni5nj], and is usually expressed in terms of The three-body interaction, which is written as a density-
Fermi-liquid parameters. When the interaction is shortdependent two-body interactiaithrough the parameterts
ranged compared to the wavelength of the excitations of inand y), and the momentum-dependent interactions arising
terest, justifying the assumption that ol O terms are re- due tot, andt, terms dominate the high-density behavior of
tained,V;; assumes a simple form. For example, in symmetthese models.

AN Y

N
N -
~

TN

ng/n,

ric nuclear matter the p-h interaction is given [[24] The Fermi-liquid parameters for neutron matter, ex-
pressed explicitly in terms of the Skyrme parameters, are
V(Ky ko) =Ng [ Fo+Gooy- oo+ (Fo+Ghay- o) 71+ 7], collected in Appendix A. Figure 2 shows the results for four

(8) different sets of Skyrme parameters fog=<4ng. A striking
feature is the large density dependence of the Fermi-liquid
(parameters. While the qualitative behaviors of all four pa-

whereo and7 are spin and isospin Pauli matrices, which ac rameter sets are similar, significant quantitative differences
on the p-h states. To achieve full generality, E8). should : ’
P 9 y exist. The models SkM* and SGIl24] have been con-

be supplemented with contributions from tensor interaction ~trained by fitting the broperties of svstems with very small
The Fermi-liquid parametei8,,Gy,F, andGg are dimen- stral y NG e PrOpEttes ot Systems with very sma

sionless numbers anblg=2M* k. /72 is the density of isospin asymmetries, while the models SLy4 and SLy5 were

: : —1_pg* 2 ; H _ - . a :
contribute(with Ny “=M*kg /%), and the effective interac magnetic ground state sin@®,>—1 for densities in the

tion Voo= Na_lFO and Vyo= Ng "Go. The nucleon effective  ange(2—4n,. For 0>G,>—1, the RPA corrections en-
massM*, which arises due to a momentum-dependent interysnce the spin response approximately by a factor (1

action, is given byM*/M = (1+F,/3). . . +Gp) ~2, resulting in small neutrino mean free paths. For
Skyrme models have been successful in describing nuclgy " 1 the spin symmetric ground state is unstable. At the
and their excited statefl6]. In addition, various authors naqe transition density, RPA response functions of the spin-

have explored its applicability to describe bulk matter at de”'symmetric state diverge, and the formalism developed thus

sities of relevance to neutron stars. The effective nucleong;; is inapplicable. The response functions of the energeti-
nucleon interaction of the standard Skyrme model is 9ivenyally favored, spin-polarized ground state need to be calcu-
by the potentia[23] lated. We do not attempt to do this here; we merely note that
large enhancements in the RPA response functions are pre-
cursors to a phase transition. We present results only for
ng<2n,, for which the ground state is spin symmetric. Spin
instability is a common feature associated with a large class
of Skyrme modelg26], but is not realized in more micro-
scopic calculations. It must be emphasized that the interac-
R R tion in the spin-dependent channel is a crucial ingredient in
+t,(1+x,P ) kT8(r)k, 9 calculating the response functions. A “poorly” behaved spin

1
Vun(r) =to(1+xoP,) 8(r)+ 6t3n7(1+x3P,,) o(r)

1 2 "1‘2
+ 5 t(1+x:P ) [K28(r) + k" a(r)]
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FIG. 3. The density dependence of Fermi-liquid parameters of 0 A 0 L— A .
microscopic calculations from Refi28] and[29] (see text for de- 0 02 04 06 08 -08 -04 0 04 08
tails). %/9 9/q

interaction introduces a significantly large model dependence ';'?u"fd; :eor;et‘;]té'”rgt?;ﬁsfree”;g Cr(izs ;i:}'g:; ::] r;;eauntg?gﬂr?s:ter
in the neutrino cross sections. oy

. . o =0 MeV (left panel3 and T=10 MeV (right panel$ at ny (top
. F.lo’ otn tt?]e otherl har;d, IS well b?ha"f‘d ;’;m_d IS q_llj_?l.'tat'velypaneISK andngy/4 (bottom panels Results are for the Skyrme model
similar to the results of microscopic calculations. This is eX'_SLy4 forq=E,=25 MeV. The symbol&/ andA refer to the vector

pected, since interactions in this c_hgnnel are fit to the empi”and axial-vector contributions, respectively. Thin lines refer to the
cal value of the nuclear compressibiliy atng. The models  4rtree results and thick lines to the RPA results.
SLy4 and SLy5 Ky=230 MeV) were further constrained to

reproduce the pressure versus de_nsity curve for pure neutrq@;0>1). Although the qualitative behaviors &%, andM*
matter of the microscopic calculations of Wiringgal. [27]. 316 similar, important quantitative differences exist. In view
To date, spin-dependent interactions in the Skyrme models; this, a knowledge of at least the-0 Fermi-liquid param-

have not been directly constrained. This accounts for the:ars of more modern calculatiofi80,31 would be very
large differences among the various models. Whether or nQigeaf,. '

a simple Skyrme model can mimic the bulk properties of a
microscopic calculation of both spin-symmetric and spin-
asymmetric systems remains an open question. For this rea-
son, the use of a Skyrme model to describe the spin response In the density regions where spin stability is assured, the
of neutron matter for densities of interest in neutron stard)eutrino mean free paths may be computed for the Skyrme
does not appear to be promising until the spin-dependerodels in degenerate neutron matter, siwe, Voo, and
interaction is constrained. Nevertheless, the energy-densily1o are easily expressible in terms of the Skyrme parameters
functional method provides a consistent framework to studysee Appendix A The models SLy4 and SLy5 have been
the response of hot and dense asymmetric nuclear matter. @nstrained to better fit systems with large isospin asymme-
hope that further studies will provide a better Skyrmetries. For this reason, we choose the model SLy4 to study the
energy-density functional or an alternative parametrizatioreutron matter response. Figure 4 shows the neutrino differ-
that will be useful for neutron star calculations. ential cross section for a neutrino energy=25 MeV, at

b. Microscopic potential modeldn a microscopic ap- fixed momentum transfey=25 MeV, as a function of,/q.
proach, one starts with the bare interaction and obtains aAt ng=0.04 fm 3, the p-h interaction is attractive in the
effective interaction by solving iteratively the Bethe- density-density channelFo=—0.7) and repulsive in the
Goldstone equation. Commonly known as the Bruecknespin-density channelG,=0.6). This accounts for the en-
G-matrix method, this method provides a useful means ohancementover the Hartree resulin the vector channel and
arriving at density-dependent effective p-h interactions. Fursuppression in the axial vector channel at smgll The en-
ther refinements include the use of correlated basis states ahdncement in the spin channel whegp/q~vg, wherevg
inclusion of a larger class of diagrarf8]. In this article, we ~ =kg/M* is the velocity at the Fermi surface, is due to the
do not wish to address the merits and demerits of these capresence of a collective spin excitation that arises due to the
culations; instead, we contrast the neutron matter results oltarge and repulsive spin interaction. At finite temperatures,
tained by Bakmann and Kéman [29] with those of Jackson the response is dominated by the kinematical region in which
et al. [28] for the Reidvg and Bethe-Johnsomg potentials  qo<T.
(see Fig. 3 In sharp contrast to the Skyrme models, these The bottom right panels of Fig. 4 show that a strong and
calculations predict a large and repulsive spin interactiorattractive interaction in the vector channel gives rise to a

2. Neutral-current neutrino scattering cross sections
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] FIG. 6. The density dependence of the neutrino mean free paths
) FIG. 5. SameT as Fig. 4, except that results are for th'e. model Oét energyE,= «T in neutron matter foif =10, 20, and 30 MeV.
Backmann and Kiman [29] and are shown for three densitiesi2  Resyits for the microscopic calculations ofdganann and Kéiman
(top panels n, (center pane)s andno/4 (lower panels are in the top panels and those for the Skyrme model SLy4 are in
large peak in the vector response which dominates the totéIPe bOt.tom pane.ls' The right panels show the extent to which RPA
. . . . - corrections modify the Hartree results.
differential cross section. The weak collective spin state seen

at T=0 is almost completely damped at finite temperature%3
and only modestly enhances the cross sections in this kin vithout RPA corrections are labelégpa and\y,, , respec-

matical region. . tively. The qualitative trends are similar to those observed at
The to,p3 panels _qf Fig. 4 show rgsults TO'"B, the level of the differential cross sections. The ratio
=0.16 fm - For densltles close oy, the P'h Interaction in Arpa/Ams Shown in the right panels indicate that typical
bo.th channels is relatively weak. It remains .repulswe n thexpPA corrections are large, but model dependent. Neutrino
spin channel ©,=0.15) and attractive in the Spin- eap free paths are suppressed in the model SLy4 due to an
independent channeFg=—0.28). The RPA correlations do 4ractive p-h interaction. When the Fermi-liquid parameters

not significantly alter the differential cross sections since thg)pi-inaq by Bekmann and Kéiman [29] are employed, the
modest suppression in the spin response is compensated fqe and repulsive spin interactions enhance the mean free

an enhancement in the density response. At higher densitie ath by as much as a factor of 4. The differences between the
the Skyrme models investigated here predict a phase tran

. f ; 4 b L Yfartree results Nwm=) reflect the different density depen-
tion to a ferromagnetic state and become acausal. In oUeceg of the nucleon effective mass predicted by these mod-
view, these are clear indicators of an inherent high dens't)éls(see Fig. 2 and Fig.)3The density dependence kf* in
problem in the Skyrme models due to the very strong MOthe Skyrme model SLy4 is very strong, but is relatively mod-
mentum and density dependence of the bare interaction. T. ate in the microscopic calculation due tocRenann and

Igrg.e differences in the dgnsity dependence of the Fermig 2liman [29]. The increase in the Hartree mean free paths
liquid parameters for the different models suggest that this iy, increasing density is a result of the rapidly decreasing
|nd|eeg_the50ars]e. ino diff ial . for th nucleon effective mass and the use of a nonrelativistic dis-

n Fig. 5, the neutrino ditferential cross sections for t epersion relation. At high density, a nonrelativistic description

neutron matter EOS of B"‘.’T‘a”” and Kﬁm_an [29] a'® " for the nucleon kinematics breaks down and results in a spu-
shown. At all relevant densities, the repulsive spin interac+in s increase in the neutrino mean free path. In the next

tion accounts for the suppression in the axial response a ction, we study the response of matter in relativistic mod-

also for the enhancement in Fhe region whegéq v due els in which some of these deficiencies are remedied.
to the presence of a collective spin resonance. The vector

part is enhanced at low density and suppressed at higher
densities ad~y becomes positive. At 12, the repulsion in
this channel is sufficient to produce a weakly damped zero- In Walecka-type relativistic field-theoretical models,
sound mode. The total differential cross sections are signifinucleons are described as Dirac spinors which interact via
cantly suppressed in all cases, and the suppression increaghe exchange of mesons. In the simplest of these models, the
with increasing density. o- and w-meson fields simulate the attractive and repulsive
The collision mean free paths for the Skyrme model SLy4character of the nucleon-nucleon interaction, respectively.
and for the microscopic model of Bamann and Kéman  The strengths of the nucleon-meson couplings are fixed by

9] are compared in Fig. 6. The mean free paths with and

B. Relativistic models
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the ground state properties of nuclear matter at saturatiomhe axial current correlation function can be written as a
density by solving the field theory at a specified level ofvector piece plus a correction term:

approximation[32]. Further, to account for the isovector
character of the nucleon-nucleon interaction, greneson
contribution is included and theNN coupling is fixed by

%,=1} +g,, A (15)

the empirical value of the nuclear symmetry energy. In thisThe mixed axial-vector current correlation function is

section, we study the response of neutron matter whos

ground state properties are calculated in the mean field ap-

proximation to theowp model.
The differential cross section per unit volumé for

v-neutron scattering is given H33]
1 d GZ E, ”1

: __ &5 pr(
Vd20,dE; 3272 B [

X[1—f5(Eg)lIm(LPIIRy),

—Jo
-

(10

where E; and E5 are the incoming and outgoing neutrino
energies and|,=E;— Ej; is the energy transfer in the reac-
tion. In terms of the incoming neutrino four-momentum

=(E1,IZ) and the four momentum transfq;f(qo,(i), the
lepton tensolL .z is given by

LeP=8[2k*kP+ (k- q)g*?— (k*qP+ q*kP) F i e*Pr kHq"].
(11)

The target particle retarded polarization tensor, which is a
function of the neutron chemical potential, temperature, the

kinematical variables),, and|q|, is

Yo

2T (12

ImII} = tanl’( )Im Mg,

wherell ,; is the time-ordered or causal polarization and is
given by

4

d
(2

)4

Tr{T[G2(p)I.Ga(p+a)Ipl}. (13

The Green’s function§;(p) (the indexi labels particle spe-

e

HXﬁ= 1€, 0,00 TIVA. (16)

The above mean field or Hartree polarizations, which char-

acterize the medium response to the neutrino, have been ex-
plicitly evaluated in previous worKs34,35 and are collected

in Appendix B. At the Hartree level, the only modification
that arises is due to the density dependent nucleon effective
mass.

In the cwp model, p-h excitations propagate in the me-
dium via the interactions arising due to these mesons. The
RPA response includes a subclass of these excitations;
namely, the ring diagrams are summed to all orders by solv-
ing the Dyson equatiof8]. To calculate the required polar-
izations, we begin with the Lagrangian density

LZ% g(_iyﬂau_ng’yﬂwM_ng’yﬂbu't_ MB

1
ZB,,B""

“m? M
m,w , 7B

1
+ g(,Ba')B—ZWMW’“’—F 5

1o
+ 5 mpb, b+

1
5 —mia'Z—U(a')

2

1
56#0'07"0'—

+2| T(—iy*a,—m)l.

Here,B are the Dirac spinors for baryons ani the isospin
operator. The field strength tensors for theand p mesons
are W,,=d,0,—d,0, and B,,=d,b,—db,, respec-
tively, and U(o) represents the scalar self-interactions
and is taken to be of the form(o)=(b/3)M,(g,n0)3
+(c/4)(g,n0)*. The model may then be solved either in the
mean field approximatiotMFT) or in the relativistic Hartree
approximationRHA). In either case, the nucleon propagator
G(p,) retains the same structure as in the noninteracting

cies describe the propagation of baryons at finite density andase " but with constant density-dependent shifts to the mass

temperature. The current operatdy is vy, for the vector
current andy,, ys for the axial current. Given the structure of
the particle currents, we have

11, 5=C3Il} g+ CAllL s~ 2cyCAll 5. (14)
For the vector polarizatiofJ,, ,Jg}::{ v, v}, for the axial
polarization{J, ,J}::{v,¥s,YpYs}, and for the mixed part,

1Ja:Jgt{vavs, 75} Using vector current conservation and
translational invarianceﬂxﬁ may be written in terms of two

independent components. In a frame wherg,
=(0o./9/,0,0), we have
q2
=113, and IT, = — —= Iy,

|al?

and energy due the presence of scalar and vector mean fields.
Explicity, M—M*=M-g,oc and pg—ps=pPpo— 09,
+%gpb, whereo, w, andb are the zeroth components of
the o-, w-, andp-meson mean fields. The Hartree polariza-
tion functions(see Appendix B are only sensitive to mass
shifts since the momentum-independent energy shifts exactly
cancel. The Dyson equations for the various polarizations are

#r=1#r+I~o, I, a7
wherell#" is the RPA polarization function ard, , is the
interaction due to the exchange of scalar and vector mesons.
The RPA response in these field-theoretical models have
been studied previoushB3]. Here, we gather the important
steps leading to the evaluation of the RPA corrections. The
correction to the vector part of the response is given by
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5HC,v:ﬁ,L,V_H,¢,V. (18) through the so-called Migdal parametgt. This is usually
accomplished by modifying the pion propagator according to
In order to account for the mixing between the attractivel36]
scalar and the repulsive vector interactions, the Dyson equa-
tion in the isoscalar longitudinal channel becomes

4.9, 4.9, ,
qzimz_’qzimz_g Quv - (24)
ﬁS ﬁM HS HM ﬁS ﬁM —Xs 0 M ™ M ™
fiM  fjoo M qre0 + fiv o/ 0o -% The valqe_ ofg’ is expected to be in thel rang@.5-0.7 in N
nonrelativistic models. However, a detailed study to empiri-
s 1M cally determine this value in relativistic models does not ex-
X oM ool (19 ist. For this reason, we introduce a pointlike interaction with

a pseudovector coupling to the nucleons and parametrize its

strength through the Migdal parametgt. The strength of

the coupling is given by,=g’f2/m2. The pion contribu-

2 ) 2 tion, which is expected to be attractive, albeit small, is not

(9,/my) _(9,/m,) _(g,/m,) explicitly taken into account, since we are treatipgas a

1—qi/m§' © 1—qi/mi’ X 1—qi/m§’ parameter that characterizes the total strength in the
(200  pseudovector channel. With this choice, the RPA corrections

to the axial-vector polarization function are given by

The interaction matrix is written in terms of the variables

Xs—

and yy=0%xv/0?%, where yy=x,,+ x,/4 is the sum ofw-

and p-meson contributions to the vector interaction. Note STTAY =TT D ™1 "
that the p-meson contribution to the interaction is signifi- A TTATATIA
cantly smaller than that of the meson and provides a very ith

small additional repulsion. The dominant contributions arise

due too and @ mesons. The solution to the above matrix ~ .
equation yields Da=(1-Da) "Da, Da=xa0us- (25

5 ~ Having determined the correlated polarization functions, we
xvIT5o+ xslT4 — xvxs(IT4—Hglls) may calculate the differential cross section in a relativistic
' model. For this purpose, we have chosen a mean field model
labeled GM3 and a model which includes the vacuum con-
tributions incorporated through the relativistic Hartree ap-
eL =1+ xsllst xvIloo+ xvxs(I13,—Igollg). (21)  proximation. The various coupling constants for the model
GM3 and a detailed discussion of these field-theoretical
Only the vector mesons contribute to the transverse parts antodels can be found in Refl].
the RPA corrections in this case take the simple form We begin by discussing the results of neutrino mean free
paths obtained when RPA correlations are ignaifed. 7).
Mo Ilr In this case, the only medium dependence arises through the
Ollt=6llp)=———, e=1+yyllt. (22)  density-dependeri* . With increasing density, the decreas-
€T ing M* nearly compensates for the increase in particle den-

The axial-vector polarization is not significantly modified in sity so as to make t.he neutrino mean free path app'roach a
P d y constant value at high density. This feature, seen in both

the model, since the vector mesons modify the axial ) ; . )
gwp fy field-theoretical models, is not seen in the free gas case, in

response only through the vector-axial vector mixing. The hich th i ; ths d ¢
corrections to the axial-vector response due to the correla\’-vI Ic Th € neu rllntc? mtt_aan ree pa t's ecrer?s;a] ar more r:?p'
tions induced by the vector mesons are given by the relation'g y. Theé nonrelativistic cross sections, which are roughly

proportional toM*z, are reduced significantly with decreas-

v ~ - ~ ing M*. In the relativistic case, the cross sections are pro-

IR =R "+ Myxvllva,  Iya=Ilyat HVAXVHT'(23) portional toE2=k2+M*’, resulting in a relatively weaker
density dependence. Thus, at high densities of interest in

To directly modify the axial response, we require a mesor'€utron stars, the use of nonrelativistic reaction kinematics
with a pseudovector coupling to the nucleons. The lightestinderestimates the cross sections by approximately a factor
meson which may be coupled to the nucleons in this way i¢M* /EZ) due to the decreasing behavior Mf* with den-

the pion. However, the direct part of the pion contribution insity. This factor could be as small as 0.5 at high density.
this channel will be suppressed in the long-wavelength limit, RPA corrections in models GM3 and RHA due to the
since the derivativerNN coupling vanishes in the limij, o, o, p, andg’ correlations suppress the cross sections at
—0. In addition, it is well known from nuclear phenomenol- high density owing to the repulsive character of these inter-
ogy that there exists a large repulsive component in the spiractions. At lower density, wheM* >k, the mixing be-
isospin channel. To account for this large repulsion, variougween the scalar and vector mesons is large and the interac-
authors(see, for example, Ref21]) have suggested the use tion in the longitudinal vector channel is attractive due to the
of a very-short-range repulsive interaction parametrizediominant contribution of the scalar meson. At higher densi-

SIIY=—

€L
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FIG. 7. The density dependence of the neutrino mean free path: 0 1 1L 0 : 1
in the relativistic models RHA and GM3 in the Hartree approxima- 0 02 04 06 08 1 .
tion (i.e., RPA correlations were ignoredt energykE,= =T for T 9/q

=0, 10, and 20 MeV. For reference, the results for the case in

which effective mass corrections are ignored are also shown as FIG.8. The neutrino differential cross sections in neutron matter

dashed lines. in the model RHA forg=E,=25 MeV. Dotted lines show the
Hartree results, while solid, dashed, and dot-dashed curves show the

ties, mixing becomes unimportant and vector meson contrit€Sults including RPA correlations wigf =0, 0.3, and 0.6, respec-
9 P vely. The left panels havd =0 MeV and right panels havé

butions dominate, leading to significant suppression. Thé

transverse components of the response in the vector channzefLO MeV; the top panels are fomg and bottom panels are fok,

are reduced at all densities, since only the vector meson . . _
) : X : . . ensity, these corrections first increase and then decrease due
contribute to this correlation function. In Fig. 8 and Fig. 9, . ) ;
to the small nucleon effective mass at high density.

the differential cross sections with and without correlations
are shown for the RHA and GM3 models. In the absence of

pseudovector correlations arising duegtq only the vector !l NEUTRAL CURRENT NEUTRINO CROSS SECTIONS
part is modified. IN MULTICOMPONENT MATTER

The corrections to the axial-vector response functions are o response of multicomponent matter differs in several

negligibly small wheng’=0. The corrections to the vector (egnects from that of a single-component system. At the free
part are significant at high densifgore than a factor 0f)2 g5 |evel, the neutrino cross sections are influenced by com-
However, since the axial current contributions dominate thessitional effects arising due to species specific neutrino-
differential cross sections, even large suppressions {0 teater couplings, and more importantly due to a reduction in
vector part of the response will translate to only modeste payli blocking. At fixed baryon density and temperature,
changes in the neutrino scattering rates. To explore the Segygitional baryonic components will significantly decrease
sitivity to the magnitude ofy’, we study the response for he gegree of particle degeneracy and enhance the scattering
g'=0.3 andg’'=0.6. The effects due to repulsive correla- o;qs5 sections. In charged neutral matter containing nucleons
tions are quite significant even fg’=0.3 (see Fig. 8 and  4nq |eptons ing equilibrium, the proton fraction depends
Fig. ,9)- . very sensitively on the dense matter EOS through the
Figure 10 shows the mean free paths for the models ingensity-dependent nuclear symmetry energy. The role of the
vestigated in this work. The left panels show the Hartreg,,clear symmetry energy in determining the neutrino scatter-
cross sections and the right panels show the extent to whigpy ang absorption mean free paths calculated in the Hartree
RPA correl.at|ons modify the Hartree results as a function Ofapproximation was investigated in REL]. Here, we inves-
both density and temperature. RPA correlations due tQgate the effects arising from RPA correlations in a multi-
o, o, andp mesons result in &20-30% increase in the  component system. As in Sec. Il, we study the response in

neutrino mean free paths over the Hartree results at highsth nonrelativistic and relativistic modes of dense matter.
density. These modifications are modest and show little den-

sity dependence, since they predominantly act only on the
vector part of the neutron matter response. The pseudovector
corrections modify the dominant axial vector response and We begin by considering a two-component system com-
significantly increase the mean free path. With increasingrised of neutrons and protons. At first, we ignore the elec-

A. Nonrelativistic models
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FIG. 9. Same as in Fig. 8, but for the model GM3. FIG. 10. The density and temperature dependences of neutrino

mean free paths at ener@y,= =T in neutron matter. The top pan-

. . els are for the model GM3; the bottom panels are for RHA. The left
tromagnetic correlations between the protons and develop,nels show the results in the Hartree approximation. In the right
the basic formalism required to calculate the correlated repanels, effects due to spin-dependent correlations introduced
sponse of the strongly interacting system to neutrino scatteknrough the Migdal parametey’ are shown. The different curves
ing. For a two-component system, the Hartree polarizatiororrespond to the same temperatures as in the left panels.
function may be written as a 22 matrix, diagonal

(ITp,I17), wherelI{ and117 are the proton and neutron po- The axial polarization is obtained by replacimy, in the

larizations, whose real and imaginary parts may be explicitlyzpove equation byp,. Solving the matrix equations, we
evaluated using Eq3) and Eq.(7), respectively. To com-  gptain

pute the 22 RPA polarization function, we parametrize the

p-h interactions in the spin-independent and spin-dependent

channels. The spin-independent interaction is given by 1 (1—fnan)H0 f, 1110

. . . RPA p p=p~tn

fan, fop, @andf,,, and the spin dependent interaction by Iy 3ol f oo 1—f O] (29

Onns Gpps and gnp. It must be borne in mind that these v pniiptin ( pp Lp) Iy

parameters are associated with in-medium p-h interactions

and not particle-particle interactions. For example, the pa- 0 0 0 0 9110 10

rameterf,, (g,n) iS @ measure of the matrix element be- Ay=[1=Foa M= fop g+ fpp g fr = 7T T,

tween twonn™ ! states with identicalopposité spin projec- (29)

tions, andf,, (g,,) measures the matrix element between

nn~! andpp ! states with identicalopposité spin projec- for the vector part, and

tions[37]. In matrix form, the interactions in the spin inde-

pendent and spin-dependent channels are given by I 020
HRPA:i (1_gnan)Hp ganpHn

., (30
A Ap gangng (1_gppHg)Hn

fop f

Dy= (26)

pn
’ D =
fon fnj A

Upp gpn}
Opn  Onnl’

AA:[1_gnnHg_gppng"'gpp Hggnnng_gnpzngng%’l
respectively. The Dyson equation for the vector polarization @

iS
for the axial part. Multiplying the above polarization matri-

ces by the appropriate vector and axial-vector couplings for

RPA_ 110 | “1RP o the neutrons and protons, we arrive at the vector and axial-
I15 " A=T1°+TIRPAD  I1°. (27)  vector response functions
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1
e — RPA
Sv(qO:CI)_ 1— eXF(_qO/T) I 1_[V '

[rea_| (G2 Fun DTG+ (€4)2(1— FpplTDTIT+ 20Gel gl T,
Y Ay ,
- RPA
Sa(do,q) = 72 exp— (007 T) ImIIR™A,
RPA_ (CR)Z(l_gnan)Hg"‘(CR)Z(l_gppHg)Hg‘FZCXCRgangHg
e Ap ' (32

respectively. In terms of these response functions, the differ; is related to the nuclear symmetry energy,

ential cross section per unit volume is given by =(nB/2)a26/p7n§ , whereng=n,—n, is the isospin density.
Explicitly,
1 d®o(E;) G:
V 40?2 dqo_ gmd 3 Fo=(K/6Eg)—1, Fy=(3as/Ep)—1, (35
X[1—1,(E3)][(1+ cos9)Sy(dg,q) with Er=(k2/2M*) being the Fermi energy. Note that in
extracting the p-h interaction potential from experimental ob-
+(3— cos9)Sa(do,a) ], (33 servables such a§ anda,, a consistent value df1* must

here th . ki tical label . b be employed, since both, andF| depend orM*.
where the various kinematical labels appearing above are€ as i yclear saturation density, investigation of the mono-

n Eq.(tl)aL.JfStIng E%‘@?’ th?. neutrino C.rquj SISC“OQE mc?y be pole resonances in nuclei suggests that the isoscalar com-
computed It the p-nh interaction IS specitied. mrom the dISCus, ressibility K=240+40 MeV [38]. Information from

zlr%nn?;g: ger:e\gr?gznsteacgdoTh;tliﬁi?tratigﬁghzrs: |2rte;a(':|pr$gr eutron-rich nuclei and observed isovector giant dipole reso-
P ge. fances in nuclei requires that=32+5 MeV, and empirical

fogﬁé\r’;'cet?gﬁéosre different dense matter models to identify thedeterminations of the nucleon effective mass from level den-
9 : sity measurements in nuclei faviv*/M=0.7=0.1. For
typical values ofK=240 MeV, a,=30 MeV, andM*/M
i ) ~ =0.75, the Fermi-liquid parameters afe,=—0.18, F

In contrast to neutron-rich matter, for which we have little = .83, andF,=0.75. The spin-dependent parames,
empirical information, the p-h interaction in nuclear matteryhich is related to the experimentally observed isoscalar
may be related to empirical values of the Fermi-liquid pa-gpin-flip resonances, is estimated to be sn@}=0.1+0.1
rameters at nuclear saturation density. The p-h interaction i@g 40.. In contrast, the paramet@), which is related to
written in terms of the Fermi-liquid parameters in E8). In ¢ jsovector spin-fligiant Gamow-Teller resonances in

isospin-symmetric matterf,nn=.fpp andgnn=gpp. This al- _nuclei is empirically estimated to be larg€=1.5+0.2
lows us to directly relate the interaction strengths to Ferm|I21 39

liquid parameter$37]:

1. Particle-hole interactions in nuclear matter

Using the empirical values for the Fermi-liquid param-
etersFo=—0.18, F;=0.83, Go=0, G;=1.7, andM*/M

Fo+F§ Fo—F} Go+ G{ . . ;
=0 o= 0 gm0 =0.75, we find that the numerical values for the p-h interac-
No No No tion strengths in the various channels are
Go— Gy fan=fpp=1.7X10"° MeV ™2, f,,=—2.7x10"° MeV 2,
np= "N, (34)

Unn=0pp=4.5X10"% MeV ™2,

whereNy=2M*k; /7 is the density of states at the Fermi
surface. Note that we have retained only tke0 (s-wave Unp=—4.5X107° MeV ™2 (36)
terms, since we expect the momentum transfer in the p-h
channel to be small for low-energy neutrino scattering. How-Using these values, the neutrino scattering differential cross
ever, the momentum dependent part of the interaction, whickections in nuclear matter are shown in Fig. 11. The upper
gives rise to thé=1 term,F;=3(1—M*/M) is stillimpor-  panels are for matter at zero temperature, where only the
tant since it determines the nucleon effective mass and heng®sitive gy response exists. The suppression dudlto ef-
No. fects is important, amounting te-50% reduction. Correla-

From FLT, we know that thé=0 Fermi-liquid param- tions, which are predominantly repulsive in nature due to the
eters are directly related to macroscopic observalfigss  large empirical values fo6, and F}, result in significant
related to the isoscalar incompressibilfy=99P/dng, and  further reductions. The RPA result indicates a factor of 2
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1500 7111 The density dependence of the Fermi-liquid parameters is

- Nuclear Matter o T poorly constrained by data. Although numerous theoretical

1000 - T fre G I - models have been constructed to gain insight into their high-
I gg%‘iree“ K ': l density behavior, there appears to be no general consensus at

500 1 ;’/ PR the present time. Microscopic calculations of neutron matter

| P ] differ quantitatively depending on their underlying assump-
ol 1 v | tions. These model dependences are so large that no generic

3000 —————————T———T— qualitative trends may be identified. The exception is the
isoscalar parameteF,, which becomes positive and in-
creases with increasing density, a feature which may be ex-

V-1d%¢/dQdq, (10-° MeV-lcm-!)

€009 pected on general grounds as the repulsive vector meson
1000 contributions dominate. The uncertainties associated Mjth
are related to the model dependence of the nuclear symmetry
0 energy. In models that favor a less than linear increasg, of
-06 03 0 0.3 0.6 with density,F is expected to decrease with increasing den-
/9 sity [see EQq.(35)]. State-of-the-art microscopic many-body

calculations favor a modest increase in the nuclear symmetry
FIG. 11. The neutrino differential cross sections in symmetricenergy at intermediate densitig7,31]; thus, we may expect
nuclear matter foq=E,=30 MeV. The Fermi-liquid parameters thatF/ will generally decrease. The parame&j is related
employed are given in Eq436). Results for the free gas, the Hartree g pion condensation, since it is a measure of the spin-isospin
approximation, and with RPA correlations are comparedTier0  g,gceptibility of nuclear matter. The large repulsive character
and 10 MeV. of G strongly inhibitss-wave pion condensation in the vi-
cinity of the nuclear saturation density. However, at higher
reduction in the differential cross sections in the regiondensities pion condensation cannot be ruled aqbriori
qolq<v5, WhereyF is the Eermi velocity. The presence of [30,31. Thus, while we may exped®) to decrease some-
a collective state in the regioy/q~v enhances the cross ypat with increasing density, quantitatively it remains very
sections in this region. Th[s enhancement, howe_ver, IS NAlapsitive to the underlying model. The density dependence of
S|gn|f|c§1nt enough to _overrlde the large suppression seen We isoscalar spin paramet@,, which is not well con-
thelr:'?egg;(r):ti\r,]vg %rve;?/tﬂ; qusi!gce we obtain the total cross strained even at nuclear depsity, s Iargely unknown. .
. ) 0 o : s Faced with these uncertainties, we begin by assuming that
section per unit volume or equivalently the inverse (:0II|S|onthe spin-dependent parameters are fixed at their empirical

mean free path. This is shown in Fig. 12. The left panels . : . .
show the cross sections calculated by taking into accoun\falues(determmed at saturation densitnd use schematic

only effects due tM*. The results shown are for different models to explore the influence of the density dependence of
temperatures and for a neutrino eneigy=7T. The right ~FoandFo. For this purpose, we employ a simple parametric
panels show the ratibgpa/A v, . The resulting increase i form for the EOS[41] (see Appendix A This model does
due to the presence of a repulsive p-h interaction is approxinot explicitly address the role of spin-dependent interactions

mately a factor of 2.5 at low temperature and decreases witAnd assumes that the favored ground state is spin symmetric.
increasing temperature. In particular, we choose the Skyrme-like models labeled

“SLn2"” with a linear increase in the nuclear symmetry en-
ergy. The index “n” in SLn2 takes on the values=1, 2,
and 3 for whichK =120, 180, and 240 MeV, respectively.
The magnitudes of the RPA corrections to the neutrino mean
free paths for these different EOS models are shown in Fig.
13. Since the dominant contribution to the scattering cross
section arises from the axial vector response function, the
magnitudes of the RPA corrections are mostly sensitive to
the spin-dependent parameters. Thus, although the vector re-
sponse of the nuclear medium is modified by about 50—-80%
3 at high density due to RPA effects, the changes due to the
1 { ng=n, ] varying stiffness of the dense matter EOS are small. This
3 1 suggests that the neutrino mean free paths will not be signifi-
pploetl o Lot yglo by 10| cantly altered due to variations in the nuclear compressibility
0 1020 3 0 10 20 30 (F,) or due to variations in the nuclear symmetry energy
T (MeV) T (Me¥) (Fg) as long as the axial contributions are not drastically
FIG. 12. The temperature dependence of the neutrino scatteringeduced.
mean free path in symmetric nuclear matter at densjtyfor the Figure 14 shows the behavior of the neutrino mean free
Fermi-liquid parameters in E(36). The left panel shows results for paths in symmetric nuclear matter for the EOS labeled SL22
thermal neutrinos B ,=#T) calculated in the Hartree approxima- as a function of density for the temperatures of interest. A
tion, and the right panel shows the effect of RPA correlations.  comparison of the upper and lower panels shows that there is

L B s B

100 ¢

)\RPA/AI' 7
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FIG. 13. The density dependence of the effect of RPA correla-
tions on the neutral-current neutrino mean free paths in the nonrel-
ativistic SLn2 models with different compressibilities. FIG. 15. The density dependence of the Fermi-liquid and effec-

tive nucleon mass in symmetric nuclear matter for Skyrme models
significant temperature dependence in the Hartree and RPWsed in this paper.

results, and that RPA corrections decrease with increasing o o
temperature. rameters show similar qualitative trends. The models SLy4

To explore the sensitivity to density-dependent spin inter2nd SLy5 show distinctly different behavior, especially in
actions, we employ the Skyrme models discussed earlier. Ihe Go and G, channels, in addition to favoring a larger
Fig. 15 the Fermi-liquid parameters in symmetric matter aresymmetry energy. Neutrino mean free paths for the model
shown. As in the case of pure neutron matter, the resultSLy4 are shown in the lower panels of Fig. 16. This model is
show a large model dependence. The top panels in Fig. 1)8oorly behaved in the spin-isospin channel, the negative
contain the neutrino cross sections for the model SGII, whictvalue forGg at nuclear density testifying to this fact. Unlike
has been constrained to fit the isovector giant dipole anthe model SGII, which is stable up te-3ng (for higher
Gamow-Teller resonances observed in nuclei. The neutrindensitiesGy<—1), the model SLy4 is stable in the spin
cross sections are enhanced at high density due to an attrathannel for all densities. However, it becomes unstable to
tive interaction in the spin channels. Similar trends may alsdong-wavelength spin-isospin oscillatior{pion condensa-
be expected for the model SkM*, since the Fermi-liquid pa-tion) for n>2n,. It is this large attraction that is responsible

1000FT T T T T T [T T T[T T T[T 173 1000 T T 7777773 3 7 T T~ T 7
F Model:SL22 1 F Skyrme Model: SGI 1
- M A T=10 Mev
£ 100k < £ joof S~————
[ E b o
& L 20 L e-==m7T € s
4 e . ’O’ 1 w el B
: . | SR g : L .
B E 2 10 Sl 30
Ol v v b v b (o S A ol__ . .
5 T T | T T I LI | L I T TT 100.05 T T T T T 3 3 T T T T T
r  T=10 MeV 7 [+ Skyrme Model: SLy4 ] | —7=10 MeV
il [ b
< | S
H
< 3 =
Nk K
< 1
&2 “
< | 3
<
1= |
ol v b v b v by v v Ly uy
0 1 2 3 4 5

u=ng/ny

FIG. 14. The density dependence of the neutrino scattering FIG. 16. The neutrino scattering mean free paths in symmetric
mean free path in symmetric nuclear matter for the EOS SL22 anuclear matter for the Skyrme models S@bp panels and SLy4
T=10, 20, and 30 MeV. The upper panel shows results for thermafbottom panels at a neutrino energlf, = 7 T. Left panels show the
neutrinos E,=T) calculated in the Hartree approximation, and Hartree approximation and right panels show the effect of RPA
the lower panel shows the effect of RPA correlations. correlations.
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for the significant reductions in the mean free path observed

(see lower right panel Fig. 16 e UL 1000_1 R
We wish to emphasize that the above model predictions P ek ’T‘fos Y| a0k F
are strictly valid only for those densities at which the stabil- bt My I T=10 MeV |
ity conditions, which require all thé=0 Fermi-liquid pa- 300 |- - 600 |- -
rameters be greater 1, are satisfied. In view of this, the T /_\\“ar"ee 1 F~<. .
range of applicability of these models is limited to a small E 200 - / AN T 400 s -
window in density centered around the saturation density % / \ r ]
(see Fig. 15 We have investigated a large class of Skyrme = 1001 e s N
models and find this to be a generic feature. It is not clear at ; o T N o m
the present time if the choice of a better parameter set will 500 1 1200 71—
help alleviate this feature. More likely, additional g ng=n, 1 N ng=n,
momentum- and density-dependent terms are required. De- 3 400 |- ,’\\ Hartreol T=0 1000 - \ S
spite these shortcomings, the Skyrme energy-density func- ¢ F RN 1800 \ |
tional method provides a very simple and transparent scheme { 300/« ! 7 SN 1
to calculate both the EOS and consistent opacities required K / 1800 N ]
for astrophysical problems. We hope that, in the future, a 00 RPA ! T 00 \ i
Skyrme parametrization that mimics the results of micro- 1001 : ] -
scopic many-body calculations will become available so as f | | #00 ) ]
to facilitate finite temperature calculations of dense matter at N PR P cl b Ny

0 0
0 02 04 06 08 1 0 02 04 06 08 1

arbitrary asymmetry. , ,
Qe/ 4 9/ 9

2. B-Stable asymmetric matter FIG. 17. Differential scattering cross sections prstable

We now study the response of charge neutral mattgt in neutrino-free matter for the schematic model SL22. The proton
equilibrium using the schematic model labeled SL22, and théaction x,=0.049 forng=n, (lower panel and x,=0.22 atng
Skyrme models SGIl and SLy4. The composition of matter=3no (Upper panels The left panels show results far=0 while
with and without neutrino trapping and at finite temperaturefight panels are foff =10 MeV. E,=q=30 MeV are assumed.

is calculated as outlined in RéfL]. The linear increase in the For the spin-dependent part. we use empirical values since
nuclear symmetry energy in the model SL22 favors rela- pin-dep part, -Mp ; .
ur schematic EOS does not explicitly contain spin-

tively large proton fractions compared to those predicted b)? ; X )
the SGII and SLy4. Using the neutron and proton chemica ependent interactions. These empirical values are deter-

potentials obtained by solving the EOS, neutrino mean fregmed at saturation density and for symmetric nuclear mat-

paths are calculated as described earlier. The electron er. There ISa prior no reason to expept that they will
rémain unchanged with increasing density and asymmetry.

which are relativistic for all densities of interest, cannot beOur choice is therefore primarily motivated by its simplicit
consistently accounted for in a nonrelativistic treatment. P y y plicity,

Therefore, we defer the discussion of the response Whicﬁggat?hgtlfﬁ‘;i egf;é}gtyeg'%rgsﬁgtpfhgilcgIzt'o?zctig%ﬁ mv(\j/:;h
includes electrons to the next section. P ge app y

density[28]. Figure 17 shows the differential cross sections

At first, we ignore the effects due to electromagnetic cor-, . ; . :
9 9 in stellar matter with zero neutrino chemical potential. Re-

relations between the charged components and consider OnsYJIts forng=n, (bottom panelsand forng=3n, (top pan
B— 0 B™ 0 -

the response of the strongly interacting baryonic compo: ; . = B
nents. The differential cross sections are computed using E .IS)’ with proton fractions¥,=0.049 andY,=0.22, respec-

: : : : vely, are shown. The structure seen in the Hartree results
(33) with the appropriate baryon chemical potentials and ef- ’ o . .
fective masses. The p-h interaction potentials in the spingdaShed curvgsat T=0 is associated with the fact that the

independent channel are computed consistently with thgingle-pair component of the the proton response is available
schematic EOS as described earlier, i.e., by taking functiongnly in the kinematical region whergy=<|q|ve, whereve
derivatives of the energy density with respect to neutron and=kE/M3 is the velocity at the Fermi surface. Fog=n,,
proton number densities. In general, for asymmetric mattethe RPA cross section is suppressed by roughly a factor of 2.
fan# fpp. Therefore, we require three independent quantitied he choice of a large and repulsive spin interaction is some-
to characterize the p-h interaction in the spin-independenthat compensated by the attractive isoscalar component of
channel(unlike only two that were required for nuclear mat- the p-h interaction. Fong=3n,, p-h interactions are repul-
ter). The three relevant quantities may be computed directlysive in all channels and account for the largfactor of 4

if the form of the potential part of the single particle spec-Suppression seen in the upper panels of Fig. 17.

trum is known. For the model SL22 the single-particle spec- In the Skyrme models, the p-h interactions in all the rel-
trum obtained by a functional differentiation of the potential evant channels are explicitly calculable as functions of den-
energy density is given in EqA1) of Appendix A. The sity and proton fraction, and are given in Appendix A. The
functional derivatives of the single-particle potential energydifferential cross sections are computed using B§) with

are then related to the p-h interaction parameters as followshe appropriate model-dependent inputs, i.e., the p-h interac-
tion, the neutron and proton chemical potentials, and the ef-

sU sU sU.  sU fective masses. Results for the models SGIl and SLy4 are
— fo= b, fm— = —. (37)  shown in Fig. 18. As a result of the large density and asym-
ony’ PPosn, P sn, an, metry dependence of the p-h interaction predicted by Skyrme

fan=
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FIG. 19. The density dependence of the scattering mean free
paths ingB-stable asymmetric matter for the schematic model SL22
at the indicated temperatures, in the Hartree approximafifn
pane) and with RPA correlations includgdght pane). In the right

FIG. 18. Differential scattering cross sections prstable  panel, thick lines show results obtained by employing empirical
neutrino-free matter for the Skyrme models SLydp panelsand  values for the spin parameters. Thin lines correspond to results
SGlII (bottom panels for the indicated proton fractions and tem- gbtained without any spin-dependent p-h interaction.
peratures. Results for both the Hartree approximdiiashed lines
and with RPA correlationgsolid lineg are displayed.

those observed earlier for neutron matter and for symmetric
nuclear matter. Results for the Skyrme models are not
models, the RPA corrections vary significantly with chang-shown, since the RPA modes become unstable with increas-
ing density and proton fraction. The top panels show result;;ng density and asymmetry. At low density and for small

for ng=0.16 fm * and proton fractionY,=0.05. The dif-  asymmetries, the trends are similar to those shown in Fig. 16.
ferences seen in the Hartree results are due to the different

effective masses and proton fractions predicted by these o
models. The RPA results differ qualitatively between these B. Relativistic models

two models. At nuclear saturation densitgft panels, both The basic formalism required to calculate the response of
models are stable with respect to spin-isospin fluctuationg system containing nucleons and electrons within the frame-
and contain nearly equal proton fractions. The RPA responsgork of a relativistic mean field theory may be found in Ref.
differs mainly due to the different spin-dependent interac{g]. Here, we summarize the main results of their work and
tions: SLy4 favors a large and attractive spin-isospin interextend it to incorporate spin dependent correlations.

action, which strongly correlates the neutron and proton Neutron and proton single-pair excitations are coupled
spins and accounts for the enhancement in the kinematicglye to strong interactions. In addition, the proton and elec-
region where the protons contributeegion whereqdo/q  tron p-h excitations are coupled due to electromagnetic inter-
<vE). In model SGII, the situation is reversed since the p-hactions. To incorporate these correlations consistently, we
interaction is weakly repulsive in the spin channels and acwrite the various polarizations functions in matrix form. The
counts for the modest suppression seen in the left-lowevector part of the polarization has transverse and longitudinal
panel of Fig. 18. At 2y, the p-h interaction is large and components. The transverse part is affected only due to the
attractive in both the isoscalar and isovector spin channelgector mesons. For a system comprised of neutrons, protons,
for both models. For model SLy4, this turns out to be soand electrons, the RPA polarization is given by the Dyson
large that the spin-symmetri6-equilibrium ground state is equation

unstable to long-wavelength spin-isospin fluctuations, a fea-

ture which was already encountered in the case of symmetric NFPA=TI+ IFP Dy I ¢, (38
matter. Although the spin forces are large and attractive even

for _the model SGll, _they are not sufficiently large to ener-y here the three-component transverse polarization matrix is
getically favor a spin-asymmetric state. The resulting en-

hancement in the RPA response is about a factor of 4 agiagonal ﬂ?,HQéHQZ) and the interaction matrix, defingd in
small g, (note that forT=10 MeV, the RPA response plot- ¢ > SfXVZ ~ET XV XX, ANAXI= X0 T X, 1S
ted has been multiplied by 0.25) and decreases with incread!Ven BY
ing do.

The collision mean free paths are shown in Fig. 19. The — Xy Xy 0
Hartree mean free paths are shown in the left panels and the Do — o _ (39)
ratios of the RPA mean free paths to the Hartree results are VT Xy Xy~ Xv Xl
shown in the right panels. The results show trends similar to 0 X —Xv
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The above equation accounts for electromagnetic, isoscalar, 40 I B A
and isovector strong interaction correlations. Since the scalar - RHA '
o and the vectow mesons mix strongly in the longitudinal 30 ! .
channel, the polarization matrix is written as x4 matrix RN |

|

'

equation[42]. Explicitly, the Dyson equation for the longi-
tudinal part is

20

~ | ng=2n,
" 4
T=10 MeV|

HRPA=TI, +TIRPAD 11, (40) 0k

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

V-1d%g/dQdq, (10-7 MeV-lem-!)
o

RHA 1}
—— - Hartree GM3
80 O 0 O 12 - — g0 4 II/ \‘ ng=2n, |
0 (I§+My IIf Iy AT g0t 1 /N -0
HL: (41) or // r, _"‘8’=0~6 1r /I //.l
0 I1f) mg, O VAR 1007 AN
6ff/ | \\ R TN T
0 HII\D/I 0 HSO L7 A=y 11y /'l Q
3 /I /I| 11 nn=2no fl /, |~_, |
and the interaction matrix '/ = =0 |/
0 'O PR L PR S T B L
= = 0 02 04 06 08 10 02 04 06 08 1
-xy O Xy 0
%/1 %/q
0 —Xs 0 0
D =| ~ 0 -~ ~ ~ | (42 FIG. 20. Differential cross sections atg=0.32 fm 3 in
Xy “XyTXV T X B-stable neutrino-free matter for the field-theoretical models RHA
0 0 _}I _;(v (left panel$ and GM3(right panel$ for T=0 (lower panels and

T=10 MeV (upper panels Results for the Hartree approximation
alone and also including RPA corrections wgh=0, 0.1, and 0.6

The interaction parameters are;(v=qi)(v/q2, ;a are compared

=a’x /9%, andx,=d’x,/q? The dominant modification
to the axial polarizations at small momentum transfers ariseficorporate spin-dependent correlations. The RPA axial po-
due to the pseudovector contact interaction discussed earligirization is therefore once again given in terms of E§).

and is parametrized by the Migdal parameggr Further, We have ignored effects due to mixing of the vector and
since the electromagnetic contributions to spin correlationgixial correlations, since they are proportionaltQ,, which

are negligible, we account only for the correlations due tds negligible at small momentum and energy transfers.
strong interactions between neutrons and protons. It is con- Substituting the vector and axial vector RPA polarizations
ventional to introduce the short-range correlations by modifor the correlated three-component system into @@), the

fying the pion propagator in the pseudovector form of thedifferential cross section for thepe system is
pion-nucleon interaction described by the Lagrangian density

. 1 di GZ E, (1 f(Ew]
=— M = =— — —
L (fzimy) by y*rihd, m. (43 V d20dE, 3073 E; 3(E3
The Migdal parameteg’ enters through the modified pion L 3H§€A
ropagator XIm| ——= =2 |,
propag Im 1= exd—qo/T) (406)
9.9» R 9.9» -9'9,,, (44) Utilizing the particle fractions, nucleon effective masses, and
Qmu—m2+ie quui—mi+ie r particle chemical potentials iB-equilibrated stellar matter,
the neutrino cross sections and scattering mean free paths are
and theNNs vertex becomes straightforwardly computed using the above equation.
In the model labeled RHA, the effects arising due to
Thna=V2(F /M) ysy™. (45  vacuum loops are explicitly taken into account both at the

level of the EOS and the response functions. The differential
At small momentum transfers, the repulsive contact terntross sections for this model are shown in Fig. 20 for the
overwhelms the attraction arising due to one-pion exchangénodel GM3, wherein nonlinear scalar self-interactions play
For this reason, we retain only the contribution from gl  an important role[43] (it acts to lower the compression
term in the RPA equations. For a two-component systemmodulus, increase the nucleon effective mass, and make the
this requires us to extend the Dyson equation for the axiateffective” o-meson mass density dependerBince the
vector part in Eq(25) to an 8<8 matrix. However, it can be Migdal parametey’ plays a dominant role in determining
explicitly shown that forcR=—cj, the cross terms cancel the RPA response, results for different values gif are
and the RPA axial polarization for the-p system closely shown. The modification to the vector response due to scalar,
resembles that for a one-component system, but Wigh  vector, and isovector mesons is large, but it does not trans-
=TIR+1IR. This greatly simplifies the formalism required to late to large suppressions in the differential cross sections
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1000 Lo 7T T LRI the mismatch of the neutron, proton, and electron Fermi mo-
1210 Mev menta, momentum conservation is easily satisfied with the
€ o0 \\ aid of the neutrino’s momentum. This is no longer true in the
= X < late stages of the cooling phase, in which the neutrino ener-
s N 1 gies are of ordekgT. Further, a finite neutrino chemical
R AN e | °I+Z+” 7 potential affects the relative displacement between the neu-
T . tron and proton chemical potentials according 4= u.
6 P Y I 00l Lyl — M,
25T 2.5
A. Nonrelativistic models
2.0 We begin by extending the formalism developed in Sec.
{ . Il to incorporate the effects due to correlations. The differ-
& ential cross section per unit volume, for the absorption reac-
10 tion in matter containing neutrons, protons, and electrons,
g-0.3 follows from Eq.(1), and is given by
05 o5l .,
012345 012345 1 d3c(Ey) G%Z
ng/ng ne/ Mo \/ = E3[1_ fe( EB)]

Vdo? dgq, 8°
FIG. 21. The density and temperature dependences of the 9 .

neutral-current mean free paths f@rstable neutrino free matter in X[gy(1+ cox9)Sy(do,q)

the field-theoretical model GM3. The upper left panel shows the 2/4 r

Hartree results for the cag®,= 3T. The influence of the spin cor- +ga(3— cos9) Si(do.a)], (47

|ati introduced via the Migdal is st ,
relations introduced via the Migdal parametgris strong, as can rMvhere gy=1 andg,=1.26 are the charged current vector

and axial-vector coupling constants. The particle labels 2 and
4 correspond to the neutron and proton, respectively, and 3
to the final state electron. The other kinematical variables are
similar to the case of scattering. The isospin and spin-isospin
density response functions are defined in terms of the asym-
@etric polarizatiolI”. As a result of the difference between

neutron and proton chemical potentials, and of the single-

(top left panel of Fig. 2] since the response is dominated by
the axial current coupling of the neutrinos. The total suppres
sion remains very sensitive g for which empirical values

are expected to be in the range 0.5-0.7. RPA correlation

suppress the neutrino scattering cross sections by typicall . X i C s
Pp ¢ yop ypartlcle energiesl1” differs significantly fromII°. For the

factor of 2-3. ‘ ) ¢ -
The RPA and Hartree mean free paths of thermal neutriSiMPle form of the single-particle energy given by &4), an

nos for the model GM3 are compared in Fig. 21. The effect?naIytiC expression .for the imaginary part may be derived
due to correlations increase with density and decrease wittr€€ Ref{1] for details,

temperature. The decrease in the ratjg,/\y (lower pan- M* M* T

els) at high density is due to the decreasihy*. The M =——2— [£ —¢,], (48)
pseudovector pointlike coupling introduced through is T(q

sensitive toM* [36] and its effects decrease with increasing

density. The results in the lower left panels indicate that the £.=1In
RPA correlations, even for a largg, will typically increase *
the mean free path by a factor 2—-2.5.

1+ exg (e — up+Uy)/T]
1+ exgd(e++go—ua+Up)/T])

IV. CHARGED-CURRENT NEUTRINO CROSS SECTIONS €. :2M* ’
IN MULTICOMPONENT MATTER 2

relation effects on the neutral-current scattering reactions. p2

While these reactions are the only source of opacity forthe X
and 7 neutrinos, the electron neutrino mean free path is for.
the most part dominated by the charged-current reaation The factors

+n—e” +p. The absorption reaction is kinematically dif- .

ferent from scattering, since the energy and momentum —1_ My c=aot Us—U 9 (50)
transfers are not limited by the matter's temperature alone. X M3 ' Qo274 x '

The energy transfer is typically of ordér= Mn— Mp - Inthe

extremely degenerate case, for whidiiu<1, and in arise due to the isospin dependence of the single-particle
neutrino-poor matter, final state Pauli blocking due to elecpotential energies. The real part is calculated numerically by
trons and momentum conservation restricts the availablesing the Kramers-Kronig relatiofV). The RPA response
phase space. During the deleptonization epoch, the typicdlinctions are related to the Hartree polarizatidfi by the
neutrino momenta are large-L00—200 MeV and despite Dyson equation. Explicitly,

The discussion thus far has focused upon the role of cor- 22

2
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4000 17—

repulsive p-h interaction. This accounts for the large suppres-

Nuclenr Matter 11 ' o sion seen at smallj,. The suppression is roughly propor-

S 11 i tional to (1+ F() ~2 in the vector response and€1G,) 2 in
| | ] the axial response. At highy, and for small temperature,

s000 L T=14Mev 1L __T=1° MeV ) well-defined collective modes in the isospin-density and

E,=1q|=50 MeV 107 ] spin-isospin density channels appear. These correspond to
25 \ the well-known giant dipolélabeled as GD in Fig. 22and

00 - GD 1r \ -1 . .
Hartree 11 v ] giant Gamow-Telleflabeled as GYresonances found in nu-

1L ) i clei. With increasing temperature, these collective states are
11 \ ] significantly broadened due to Landau dampisee the right
1L | panel of Fig. 22

2000

1500

V-1d3¢/dQdq, (10-° MeV-lem~1)

1000 4 - 2. Asymmetric nuclear matter

\ ] In asymmetric nuclear matter, strong interactions affect
\ the charged-current opacity both because of correlations as
11 ' LN ] discussed above and because of the important role they play

300 10 20 30 in determining the quantit)ZL=,un—,up. The latter was dis-
G (MeV) cussed earlier in Ref1]. In the following discussion, we
FIG. 22. Charged-current diferential cross sections in symmetri€how that the p-h interaction in the vector channel anare
nuclear matter at nuclear saturation density, for the daseq directly related. It was noted in E¢B5) thatF| was related
=50 MeV. Empirical values of the Fermi-liquid parameters areto the nuclear symmetry energy. The nuclear symmetry en-

employed, and results for the Hartree approximation and with RPAergy inturn determinefi, and thereby the proton fraction for
correlations are compared. Fo=0 (left pane), the peaks labeled

. . stellar matter in3 equilibrium[41]. Thus, a particular choice
“GD” and “GT” correspond to the giant dipole and Gamow- i L . - . .
Teller resonances, respectively. Fb10 MeV (right pane), the of the p-h interaction in the isospin-density channel uniquely

500

collective states are significantly broadened and overlap. determines both. and the extent to which correlations sup-
press the cross sections. Relative to the case in which no
1 Lo ] interactions are considered, these effects oppose each other.
7 (do,0) = Im , From Eq.(35), it may be verified thaj is linearly propor-
S0 D =T exf —Tao+ (ro—ra I | 1= f.117]

tional to (1+F(). Correlations suppress the isospin-density
(51)  fluctuations by a factor roughly proportional to{F}) 2.

r ;] The cumulative effect on the total absorption cross section is
_ 1 Im 1 easily deduced by noting that the cross section is a linear
1-exp{—[do+ (2= pa) T} | 1—g 117 function of 1 (see Ref[1]), and is inversely proportional to

(52 (1+ F(’,)Z. This underscores the need to employ a p-h inter-
where the p-h interactions in the vector and axial—vector"’wtlon that is consistent with the EOS employed to compute

Sa(do.a)

channels are given bf, and respectivel the composition of charge-neutrg@-equilibrated matter.
9 ¢ e P y: Here, we employ the schematic potential model SL22 to
1. Symmetric nuclear matter compute the composition and the p-h interaction in the spin-

independent channel.

To elucidate the role of correlations, we begin with a brief  The p-h interaction in the spin-isospin channel has been
discussion of the neutrino absorption reactions in symmetrigtudied extensively in the context of charge-exchange
nuclear matter. Here, the kinematical complications arisinghuclear reaction§39], muon capture rates on nuclet4],

due to dissimilar neutron and proton Fermi surfaces and elecaind pion condensatiof#5]. In these studies, a p-h interac-
tron blocking are absent. To begin, we once again need thgon arising due to the exchange ef and p mesons is in-
strength of the p-h interaction for the spin-independent andluded to account for the momentum dependence, in addition
the spin-dependent channels. In contrast to scattering, bots the short-range repulsion parametrized through the Migdal
charge or isospin are transferred along the p-h channel in thearameterg’. The isovector interaction in the longitudinal
charged-current absorption reaction. Thus, only the isospighannel arises due to exchange and in the transverse chan-
changing part of the p-h interaction is relevant for thene| due top-meson exchange. We employ this widely used
charged-current reaction. In terms of the Fermi-liquid paramform for the p-h interaction, which has been successful in
eters, this implies that onlf| and G, contribute. For zero describing a variety of nuclear phenomdd#]. The longi-
range interactions, the potentials required to calculate theudinal and transverse potentials in the- p+g’ model are
RPA response are given Hy=2F;/Ng andg.=2G(/N,,  given by

where the factor of 2 arises due to isospin considerations. In

Fig. 22, the differential cross section for the charged-current

neutrino absorption reaction in symmetric nuclear matter is §2 q
shown. As discussed earlier, large and positive empirical Vi (qo,q)= —
Fermi-liquid parameters indicate a correspondingly large and

2

—————F%(q)+g'|, (53
mf., qg_qz_mi W(Q) g ( )
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FIG. 24. The density and temperature dependences of the
charged-current neutrino mean free pathgistable matter for the
SL22 model assuminy, =0.4. Results for the Hartree approxima-
tion (left pane) are compared with those including RPA corrections
(right pane] with g’ =0.6.

0
~200 —150 —100 -50 0
qq (MeV)
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q, (MeV)

FIG. 23. Charged current differential cross sectiongistable

thrt]er (fr?r:tL:;‘é)a?dhzzst%yrﬁ;:i:t;%zglo s(lgtzp\?vr;? :rr;]d Tg og, Charged current probes small distances, the effects of many-
—3No (gNt pane). N - PIOYEC. hody correlations are somewhat suppressed. Further, the
Results for the Hartree approximation and with RPA correlations ion-exchanae contribution to the p-h interaction is attractive
are compared for the casg=E,=pu,, . P 9 P

at large|q| and acts to decrease the short-range repulsion due
tog’.

The neutrino absorption mean free path is shown in Fig.
24 for neutrino trapped matter & = 0.4 for different tem-
peratures and densities of relevance. The trends are very
where F_=(A?-m2)/(A*~g?) and F,=(A2-m2)/(A2  similar to the case of scattering. The left panel shows the
—g?) are thewNN and pNN form factors[46], and the Hartree results, wherein effects arising due to the density-
numerical value of)’ used was 0.6. With this choice for the dependent nucleon effective masses and single-particle po-
p-h interaction, the axial response function is given by tentials are included. The increase in the mean free path at
high density arises due to the rapidly droppidg (ng) and

f727 q2CP 2 ’
Vi(Go. )= 5| 53— SF(@+g9" |, (59
m2 | g3 — g2~ m?

m

. 1 . the use of a nonrelativistic form for the single-particle en-
a(do,d) = - ot T ImI17(qo,q) ergy. The magnitudes of the RPA corrections are shown in
exL—(do+ 1)/T] the right panels. On average, the enhancement is about a
1 2 factor of 2—3. At intermediate baryon density, this enhance-
X 3—6L + 3_61') (55 ment increases with density and decreases with temperature.

At higher density, the rapid decrease Mi* decreases the
density of p-h states at the Fermi surface and thereby reduces
(56) the magnitude of the RPA corrections.
During the cooling epoch of a protoneutron star, the neu-
er=[1—2V, Rell%qy,q)12+[2V; Im1%q,,q) ]2 trino chemical potential becomes progressively smaller. For
(57)  typical electron neutrino energies of orderthe kinematical
restriction on the charged-current process becomes important
Using the axial response function given above and a p-tat low temperature. The density dependence of the symmetry
interaction in the isospin-density channel, which is directlyenergy essentially determines the density and temperature at
related to the nuclear symmetry energy predicted by thevhich these kinematical restrictions severely inhibit the
EOS, the neutrino absorption cross sections are computedcharged current rates. In the model SL22, which is charac-
In Fig. 23, the Hartree and RPA results for the differentialterized by a linear symmetry energy, the kinematical restric-
cross section for the absorption reaction are shownnfpr tions are unimportant fong=2. At lower densities, and for
=0.16 fm 3 and ng=0.48 fm 3. The neutrino chemical T<u,, there is significant suppression.
potential and proton fraction determined by the finite tem- In Fig. 25, the Hartree and RPA differential cross sections
perature EOS are also shown in the figure. Since only thosare compared. The momentum transfer was held constant at
neutrinos close to the Fermi surface participate in transpoq(ﬂ = e+ 7T to ensure momentum conservation. The re-
we have chosen the neutrino epe@yz M, . The response sponse peaks in the regiap~(— e+ E,) and exponen-
peaks in the region wheig)~ — «. The RPA suppression is tially decreases for largen, due to Pauli blocking of the
roughly a factor of 2 for the kinematics shown here. Thedegenerate electrons. On the other hand, the final state Pauli
relatively smaller suppression seen here is due to the largglocking due to protons is negligible, since protons are fairly
energy and momentum transferred to the baryons. Since thendegenerate. This combined with the large negative en-

e.=[1—2V| Rell%(qo,q)]?+[2V, ImI1°(q,q)]%,
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1400 771 L B B monly parametrized as a contact interaction of stremgth

L The calculation of these vector and axial-vector responses is
similar to that discussed in Sec. Il B, but with two important
differences. First, ther and @ mesons do not contribute
when isospin is transferred along the p-h channel. Second,
the polarization functions now describe the propagation of

neutron-hole and proton-particle states, which depenq]e on
= un— mp and the isovector part of the single-particle poten-
tial energy. The relevant polarizations are collected in Ap-
pendix B.

The differential cross section for the charged-current ab-
sorption reaction is the same as that for neutral-current scat-
tering, Eq.(10), with the modification that;(Ej3) is replaced
by fo(E.). The vector part of the correlation functicﬂ{fﬂ is
modified due to thep-meson contribution. Explicitly, the
correction to the longitudinal part is

1200 - T-10 MeV  E=nT |
[ %,=0.05 #,=118 MeV 7 T

1000

A Model: 8122 [

800 -

600 -

400 -

V-1d%¢ /dQdq, (10-8 MeV-tem-!)

200

%50 -100 50 0  -300 200 -100 0 25112,
gy (MeV) qp (Mev) oMYy=—| ———=——— (58)
) ) 1+ 2X|H00
FIG. 25. Same as Fig. 21, except for neutrino-free matter and
for g=E,+ pe andE,==T. and to the transverse part is
ergy transfers results in the real pikf becoming large and 20Ty T
negative, leading to significant reductioffactor ~4) in the Sll= 51'[22:%. (59
RPA cross sections. Fang=0.48 fm 3, a larger proton texlly

fraction and a lower nucleon effective mass decrease the ) )
magnitude of the real pafi”. In this case, the suppression For momentum transfers of interest, the axial-vector current

due to correlations is only about a factor of 1.5—2. correlation function is modified mainly by the large and re-
In Fig. 26, neutrino absorption mean free paths for mattePUISive contact interaction of strenggfi. As discussed ear-

in which ,=0 are shown. The trend identified in the pre- lier, this is conventionally introduced as a correction to the

14 . . . .

ceding discussion, by which we may expect to find a largd?ion Propogatofsee Eq(24)]. In principle, the contact term

enhancement at intermediate densities and low temperaturedll 1€ad to0 p-a mixing via in-medium particle-hole states.

is clearly seen. Fong=2n,, correlations enhance the mean These mixing effects are ignored in this work. This is justi-

. e .
free paths by a factor of 3—4. For intermediate densities, f1€d Poth becausey’ is a phenomenological parameter,

the enhancement is significantly larger and very sensitive t¥§/hich is determined by ignoring these mixing effects, and
the ambient temperature. because the mixing, which is proportional to the vector—

axial-vector polarization function, is negligible at small mo-
mentum transfers. The RPA equation for the axial-vector po-
larization is as in Eq(25), but with y, replaced by Z,,

In field-theoretical models, isovector correlations are in-where the factor of 2 arises from isospin considerations.
duced by interactions mediated by theneson. Axial-vector In Fig. 27, the RPA and Hartree differential cross sections
correlations, in the spin-isospin channel, arise due to théor neutrino absorption are shown fog=ny andng=3n,,
presence of a strong short-ranged component, which is comespectively. The results are presented for lepton-rich,
neutrino-trapped matter withf, =0.4. The electron neutrino
energy and the momentum transfer are both set equal to the
neutrino chemical potential. The composition, individual
Model: SL22 chemical potentials, and the density-dependent baryon effec-
g=08 tive masses are computed using the field theoretical model
GM3. The RPA differential cross sections are significantly
suppressed relative to the Hartree results, particularly around
the peak position, i.e., whesy~ — (u,— up). The suppres-
sion decreases with increasing density.

The absolute magnitude of the differential cross section
depends sensitively on the neutrino energy, the electron
chemical potential, composition, and temperature. In order to
assess the overall effects of RPA correlations, both as a func-
tion of density and temperature, we integrate oggrandq
and compare the RPA and Hartree results for the neutrino
mean free paths in neutrino-trapped matter in Fig. 28. As

FIG. 26. Same as Fig. 22, except for neutrino-free matter ané@xpected, RPA correlations increase the neutrino mean free
for q=E,+ pe andE,==T. paths. The trends are very similar to those seen in the non-

B. Relativistic models

10.00

Al E,=7T)

0.10

U0 I S P oL Ll
012345 012345
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FIG. 29. Same as Fig. 27, except for neutrino-free matter and

FIG. 27. Charged-current differential cross sectiongistable
g B for q=E,+ u. andE, ==T.

matter forY, =0.4 andT=10 MeV atng=n, (left pane) andng
=3n, (right pane). The relativistic model GM3 was employed. . ) . .
Results for the Hartree approximation and with RPA correlations€Utrino absorption cross sections differ from those of non-
are compared for the casg=E, =, . relativistic models. At low density, Pauli blocking due to
protons is small due to their low concentrations, which acts

lativisti dels. This i inlv due to the fact that to enhance the polarization of the medium in the isospin
relativistic models. This is mainly due to the fact tigt channel. The suppression ag=n, (left pane) is approxi-

plays a dominant role in suppressing the axial-vector re'mately a factor of 4. The suppression is reduced at high

sponse in both cases. At low density, the minor difference itv' atne—= ight th L .
seen between the two approaches may be attributed to tl?ﬁe;zg ’aafagtorg 2]9 érlg pane}, the suppression is approxi

different p-h interactions employed. Relativistic effects be- The RPA and Hartree absorption mean free paths are
come important with increasing density and this accounts fOEompared in Fig. 30 as a function of density and tempera-
the differences seen at higher density. T : L
: . . . . Th I I h
The RPA and Hartree differential cross sections in neu—ture € qualitative trends are again very similar to those

. i encountered in the nonrelativistic caggee Fig. 26 The
trino poor matter f,=0) are shown in Fig. 29. Because of b g. 28

. V. : . . guantitative differences are due to the different compositions
important compositional and kinematical differences, the

arising due to the different isovector interactions employed.
It is clear that relativistic effects play an increasingly impor-

LU B B B LA L B tant role with increasing density, decreasing the level of sup-
F v=04 ] pression compared with the nonrelativistic case.
L Model: GM3
l  g¢'=06
I ] 10 11T 5T T T
Fl o m=0 L
1 | Model: GM3 d
g 1, ¢-08 -
'\ 14 .
2 A 1<
iory \< 1E ~
< LY ] ]
\ \ 18
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FIG. 28. The density and temperature dependences of the "0 01 2 3 4 5 01 2 3 4 5
charged-current neutrino mean free pathghstable matter for the u=n,/n, u=ng/n,

GM3 model assumingy, = 0.4. Results for the Hartree approxima-
tion (left pane) are compared with those including RPA corrections

FIG. 30. Same as Fig. 28, except for neutrino-free matter and
(right pane) with g’ =0.6.

for q=E,+ u. andE, ==T.
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V. EFFECTS ON PROTONEUTRON STAR COOLING CM3
Within a tenth of a second of the core bounce which pre-

cedes a supernova explosion in the death of a massive star, 401

the newly-formed neutron star, or protoneutron star, becomes sob

guasistatic since its structure further evolves only in response
to thermal and compositional changes in its interior. These
changes are, for the most part, controlled by the diffusion of 10l
neutrinos from the interior. At high density and for tempera-
tures above several MeV, the neutrino-matter reaction rates
are sufficiently high to ensure that neutrinos are in thermal 401
and chemical equilibrium. Thus, in the equilibrium diffusion
aproximation (EDA), the neutrino distribution function in
these regions is both nearly Fermi-Dirac and isotropic. These
assumptions have been used to study the evolution of the 10t
PNS[47-49.

In the EDA, the distribution function in a spherically sym-
metric background can be approximated by an expansion in
terms of Legendre polynomials ©(u), with u being the
angle between the neutrino momentum and the radial direc-
tion. Explicitly,

T (MeV)

T (MeV)

T (MeV)

: ©
A g 1
: 3
;9 / = 2%
. . \

f(w,u)=fo(@)+pfi(w), fo=[1+e@ mKT)]-1 ol M XA A

(60) 0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.5
ng (fm™) ne (fm™)

wheref is the Fermi-Dirac distribution function at equilib-

. . e . . i
rlgm (T=Trat '“V_’U“"q)’ with a}nd Mo beln.g the ne_u density-temperature plane for the field-theoretical model GM3. Re-
trino energy and chemical potential, respectively. This aI'sults are shown for the three diffusion coefficiebtg, D3, andD,

lows the energy-integrated fluxes of lepton number andypper, middie, and lower panels, respectiyellgr neutrino-free

energy to be expressed as a linear combination of gradienfgatter left panel$ and neutrino-rich mattefright panels.
of the chemical potential and the temperati48]:

FIG. 31. RPA corrections to the diffusion coefficients in the

Effects on PNS evolution produced by changes in the neu-

—Ap— T2 )
F =— e e’ J(Te) +(Te?)D U 61 trino opacities can thus be understood in terms of changes to
. —| D3 (Te’)D,—-|, (61) opac tf
6 or or the diffusion coefficients.

In Fig. 31 we show the ratio of each of the diffusion

e e ¢T3 4(Te?) an coefficients calculated in the RPA approximation to those
Fe=— 62 4 +(Te¢’)D3(9—r . (62 calculated in the Hartree approximation. The left panels dis-

a

play the results for neutrino-free matter and the right panels
o o ) show the results for neutrino-rich mattey (=0.06). In the
The diffusion coefficientD,, D3, andD, arise naturally  region of interest during the first, or deleptonization, phase of
from the transport equations and contain all the microphysicghe PNS evolution, in which the trapped neutrino abundances
of the neutrino-matter interactions. They are defined by  gre high and 10 Me¥ T<50 MeV, the RPA corrections to
the diffusion coefficients are in the range 1.3—1.75 for matter
_ " _ above nuclear density. This correction, at first glance, seems
Dn= fo D (@) fo@)[1=Fo(w)], 63 smaller than expected; a correction factor-e was ob-
tained for the mean free pathsB= =T (see Fig. 1R How-
wherex= /T andD(w)=(x,+ k) 1. The latter term in- €ver, the RPA correction redistributes strength in the spec-
cludes the contribution of both absorption-emission opacitie§'um (see Fig. 11, decreasing the cross section at energies

(k,) and scattering opacitiesc(), which are related to the near the peak while increasing the cross section for larger
relevant cross sections by energy exchange. The diffusion coefficients result from an

energy integration over the entire spectrum. Another impor-
1 Oas tant feature is that in the region below about half nuclear
Kas(®)= ——— - (64)  density, and at low temperatures, the RPA corrections are
1-fo(w) V Y . " .
diminished since the composition of matter becomes domi-
nated by nuclei instead of thepe liquid. Therefore, the

Tgﬁtig:gxse Selcri]e&‘l»E q'ls'c()Gi?l)d?Jr(;cé (filslIG)S§<n?1etﬁtcr?nncl)céj1 ||ye;0rwznree- degiffusion coefficients in the outer regions of the PNS will not
P P T . yPes, be strongly altered by RPA corrections.
fine them in an obvious notation as

During the second, or cooling, phase of PNS evolution, in
— — which the excess neutrinos have been largely lost, the neu-
D,=D,*+D,¢, D3=D,*~D., D,=D,*+D,*+4D,*.  trino chemical potential is relatively low and nearly constant
(65  throughout the star. The evolution is then governed by the
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FIG. 32. The density and temerature dependence of the ratio ¢ o1 oy ]
the RPA and Hartree diffusion coefficien®*/D!") in neutrino- ol . . ol LN
free matter. 05 ——— 0.4
neutrino energy flux, Eq62), in which the electron neutrino 041
chemical potential gradient can be ignored. Thig, will o3t
become the dominant diffusion coefficient. The temperature £

are now smaller than in the earlier, deleptonization phase = 0.2}
being in the range £ T/MeV< 20. Figure 31 shows that the
RPA corrections, at 3 times nuclear density (0.5 fin are
larger than in neutrino-rich matter, and can exceed a factor ¢
2.5. Nevertheless, at and below nuclear density, the corre:
tions are considerably smaller, as observed in the previous
case. The effect of RPA corrections may be expected to be [, 33. Central values of thermodynamic quantitiestropys,
more evident in the cooling phase than in the deleptonizatiofemperature T, baryon densityng, v, concentration,, v,
phase. chemical potentiak,, electron concentratiol,) during the evo-

To study the effect in a realistic PNS simulation, we ap-jution of a baryon mass 1M, protoneutron star. The relativistic
proximated the functionE)iRPA/DiH, fori=2-4, by a fitin  model GM3 for nucleon-only matter was employed. Results are
terms ofng, T, andY,. Figure 32 shows the function as- compared for the Hartree approximatitireseline cagethe inclu-
sumed forY ,=0; the fits for other values of, are similar.  sion of RPA correlations, and a constant factor of three reduction of
Notice the strong density dependence in the regiga n,. the opacities for densities greater thas ng/ny=1/2 and 1/4. The
We used these fits to correct the diffusion coefficients calculatter case corresponds to that studied in RRe2].
lated in Ref.[49], and performed a new PNS cooling simu-
lation with the same code. The results of these calculations
can be compared with the earlier works by Burrows and
Sawyei[12] and Keilet al.[50], who investigated the effects
of reduced neutrino opacity on the neutrino emission from avhereb=(p/p.)?(10/T). The overall strength of the opacity
PNS. correction is controlled by the value af assumed to be in

Burrows and Sawyef12] studied the effects of correla- the range—1 to 0.95, so thah=0 corresponds to enhance-
tions in the RPA approximation, but implemented their find-ment anda<0 to suppression. The density dependence was
ings in their PNS simulations in a qualitative fashion: Thevaried by choosing.=3x 10 or 10t4g/cn?. However, for
total opacities were decreased by a factor of 3.33 above etypical conditions present in the early evolution of the PNS,
ther 1/2.7 or 1/5.4 times nuclear density, respectively. Tdo>1 throughout most of the star, so that its precise value
facilitate a direct comparison, we performed two additionalbecomes irrelevant. In this sense, the work of R&®] mim-
simulations with the identical assumptions, which we refer toics our exploratory calculations. Nevertheless, their choice of
as exploratory calculations. pc results in strong suppression at densities as low as

The opacity reduction employed by Kedt al. [50] was 10" gcm 3, considerably lower than those explored in our
based upon a phenomenological calculation of the nucleostudy or in Ref[12]. We note that nucleon spin correlation
spin fluctuation rate due to nucleon-nucleon collisions. Thefunctions at such low densities have been recently revisited
neutrino cross sections were modified according to the preby Sawyer[51], who finds different results than those used
scription C3—FC2, whereC, is the neutral-current axial by Keil et al.[50].
coupling constant of the nucleon. They also studied cases in In Fig. 33, the evolution of the central values of the im-
which the charged-current axial couplings were modified in gortant thermodynamic quantities is shown. The solid line
similar fashion. The factoF was inferred from a schematic corresponds to the baseline model, the dashed and dot-
model and chosen to be dashed lines to the exploratory models A and B, and the

o.1r

0.0 L ) L . 0.0 \ L s L
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FIG. 34. The upper panel shows the total emitted neutrino lu- FIG. 35. The total emitted neutrino luminosity for long-term
minosity for the protoneutron star evolutions described in Fig. 33 protoneutron star evolutions described in Fig. 34. The curves are
The curves are labeled as in Fig. 32. The lower panel shows thiabeled as in Fig. 34.
ratio of the luminosities obtained in the three models which contain ) )
corrections to the baselinélartree approximationmodel. we have calculated is considerably smaller than those re-

ported in Ref[12], reaching a maximum of about 30% after
dotted line to our RPA calculation. The main effects of the5 s, compared to a luminosity increase of 50% after only 2 s.
larger mean free paths produced by the exploratory modelgowever, the corrections are still very important during the
and by our RPA corrections are that the inner core deleptorionger-term cooling stagesee Fig. 35 and result in a more
izes more quickly. In turn, the maxima in central temperaturg/apid onset of neutrino transparency compared to the Hartree
and entropy are reached on shorter time scales. In additiofiesults.
the faster increase in thermal pressure in the core slows the

compression associated with the deleptonization stage, al- VI. CONCLUSIONS AND OUTLOOK
though after 10 s the net compressions of all models con-
verge. The effects due to correlations are important, albeit model

The relatively large, early, changes in the central thermodependent. Because of the large neutrino-baryon axial-vector
dynamic variables do not, however, translate into similarlycoupling, the residual interaction in the spin-dependent chan-
large effects on observables such as the total neutrino lumiels plays a crucial role in determining the magnitude of the
nosity and the average radiated neutrino energy, relative tBPA corrections. In pure neutron matter, these model depen-
the baseline simulation. The luminosities for the differentdences were carefully studied. In the Skyrme model, the p-h
models are shown as a function of time in Fig. 34 and Figinteraction in the spin channel becomes large and attractive
35. Figure 34 shows the early time development in detailwith increasing density. This drastically reduces the neutrino
The exploratory models agree with the results reported bynean free path by enhancing the spin response. The opposite
Burrows and Sawye[12] and are qualitatively similar to behavior is suggested by variational calculations of the
those reported in Ref50]. However, the magnitude of the Fermi-liquid parameters in neutron matter. In this case, the
effects when full RPA corrections are applied is substantiallyresidual interaction at high density is strongly repulsive in
reduced compared to the exploratory models. It is especiallthe spin channels. A repulsive p-h interaction generically
important that at and below nuclear density, the correctionshifts the strength from regions of small energy trangfgto
due to correlations are relatively small. Since informationlarge energy transfer. In the case of strong repulsion, collec-
from the inner core is transmitted only by the neutrinos, thetive spin excitations arise and the strength at smgllis
time scale to propagate any high-density effect to the neutrihighly suppressed.
nosphere is the neutrino diffusion time scale. Since the neu- Not unexpectedly, the Skyrme models, in which the force
trinosphere is at a density approximately 1/100 of nucleaparameters are calibrated only at nuclear density, either be-
density, and large correlation corrections occur only aboveome unstable to spin fluctuations or violate causality at high
1/3 nuclear density where nuclei disappear, we find that cordensity. Schematic models such as SL22, which are partly
relation corrections calculated here have an effect at the netrased on the Skyrme approach, are somewhat better behaved
trinosphere only after 1.5 s. Moreover, the RPA supressioat high density, but they do not address the issue of spin
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dependence in the nucleon-nucleon interaction. In these Notwithstanding the above caveats, and the differences
models, the RPA corrections to the vector response may bigetween nonrelativistic and relativistic approaches such as
calculated consistently with the EOS. For the axial part, arthe spin- and isospin-dependent interactions and the nucleon
empirical spin-isospin interaction determined by the value okeffective masses, suppressions of order 2-3, relative to the
the Fermi-liquid parameter {Gn symmetric nuclear matter case in which correlations are ignored, are obtained. It is also
may be used. satisfying that the independent investigations of Burrows and
The situation is quite similar in field-theoretical models, Sawyer[12] have led to a similar conclusion.
wherein the full relativistic structure of the baryon currents We studied the effects of RPA correlations on the evolu-
and, more importantly, relativistic kinematics of the scatter-tion of protoneutron stars. Our calculations indicate that
ing reactions are naturally incorporated. In these models, thehile RPA correlations suppress the neutrino cross section
scalar-attractive contribution dominates at low density, leadby a factor of~3 at thermal neutrino energies, the net effect
ing to enhancement in the vector part of the scattering reen integrated quantities such as neutrino diffusion coeffi-
sponse. With increasing density, the scalar decouples and tlegents is more moderate. This may be understood by noting
repulsive vector mesons suppress the cross sections. This igteat the diffusion coefficients, which are weighted averages
generic feature. The RPA corrections in the vector channelgever neutrino energy and scattering angle, preferentially se-
generally suppress the neutrino cross sections at high densilgct the higher energy neutrinos and large angle scattering
and moderately enhance it at low density. The RPA correcevents for which the RPA corrections are smaller. This par-
tions in the vector channel and the EOS properties such dgally explains why we do not find any dramatic variation in
the compressibility and nuclear symmetry energy are intithe early neutrino luminosity when RPA corrections are in-
mately related. In addition, we note that the nucleon effectivecorporated. The generic trend—that lower opacities imply
mass, which plays a significant role in determining the therhigher luminosities at early to intermediate times and lower
mal properties of matter, directly influences the magnitude ofuminosities at late times—is a consequence of energy con-
the RPA corrections. While this stresses the need for consiservation. Significant effects in observable quantities such as
tency between the EOS and neutrino opacities, there appeargutrino luminosities are predicted only after 1 s, since the
to be some degree of decoupling between the strong interatow-density opacities are not significantly altered by the
tion effects that influence the EOS and those that influenc®PA correlations studied here. Consequently, only after sev-
the neutrino opacities. This is almost entirely due to the dif-eral seconds are the neutrino luminosities increased by as
ferent roles played by a repulsive spin-dependent interactiomuch as 30%.
in EOS and opacity calculations. They directly influence the Since the early-timet&2 s) neutrino luminosity plays a
dominant part of the neutrino opacities but play little role in crucial role in the supernova explosion, we emphasize that at
determining the properties of spin-symmetric matter as longhese times the dense interior, where many-body correlations
as the spin interaction is repulsive and the spin correlatiomre important, is decoupled from the neutrino emitting re-
energy is negligible compared to the other interaction energion. The many-body correlations are diminished below
gies. This is true for the field-theoretical model, wherein thenuclear densities, and at subnuclear densities the opacities
introduction of a strong repulsive pseudovector-isovector inare likely to be dominated by nuclei and their individual
teraction through the Migdal parameter does not contribut@bundances. In addition, there might be interesting effects
to the EOS at the mean field level, but plays an importanessociated with the existence of phase transitions at sub-
role in determining the neutrino mean free path. nuclear densities. Our work does not directly address these
The RPA correlations in multicomponent matter areissues. For this reason, we feel that it is premature to specu-
qualitatively different from those in single-component sys-late how these many-body correlations affect the supernova
tem. The presence of even a small proton fraction affects thexplosion mechanism. A study of neutrino opacities at sub-
shape of the matter's response function. The generic trend isuclear densitiep=10""-10"* g/cn¥, where two nucleon
that it increases the strength at small energy transfer. Therocesses ¥+ NN—v+NN) may play an important role
inclusion of electromagnetic correlations does not signifi{13], in addition to neutrino-electron, neutrino-nucleon, and
cantly affect the neutrino mean free paths. The mixing of theneutrino-nucleus scattering, will be able to shed more light
photon with the vector mesons via the p-h states could resutin the spectrum and total magnitude of the neutrino emission
in the presence of plasmonlike collective states in the sysat very early times.
tem. Although this might play an important role in determin-  In addition, convection could play an important role dur-
ing the average energy transfer in neutrino-matter interadgng the early evolution of the PN[$2], significantly enhanc-
tions, it does not affect the overall neutrino mean free pathsang the luminosity and hardening the spectrum at early times,
The dominant role played by spin-dependent nucleonboth of which help the explosion mechani§f8]. The mag-
nucleon interactions in the medium and its present poorlyitude and relative importance of convection in the region
constrained status does not allow us to draw definite concluaear the neutrinosphere appears to depend sensitively on the
sions. For the vector part, we showed that RPA opacities arapproximations made in solving the transport equations and
consistent with the underlying EOS. In subsequent workson the details of the underlying post-collapse mo&854.
we hope that better constraints on the spin-dependent intef-o the extent that convection enhances neutrino transport,
actions in dense matter will allow calculations which will pin the effects of correlations on the early PNS evolution may be
down its effects on both the EOS and on the opacities. At theven smaller than we have found. Current efforts to solve the
present time, however, the RPA correlations remain sensitivBoltzmann transport equations along with the hydrodynamic
to this poorly known density and isospin dependence of thequations in multidimensions will shed more light on the role
p-h spin interaction. of PNS convection and on the significance of modified neu-
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trino opacities for the supernova explosion mechanism.  ported in part by the U.S. Department of Energy under Con-
The small differences seen in Fig. 35 between the neutracts No. DOE/DE-FG02-88ER-40388 and DOE/DE-FG02-

trino lumonisities with and without RPA modifications for 87ER-40317 and by the NASA Grant No. NAG52863. J.P.

t<10 s cannot be discriminated in the case of SN 1987Agratefully acknowledges research support from the Spanish

based upon the few observed events. However, the largeGCYT Grant No. PB97-1432.

number of events expected in detectors such as SuperKamio-

kande, SNO, OMNIS, and LAND for a future galactic super- APPENDIX A: PARTICLE-HOLE INTERACTIONS

nova should provide detailed information about the neutrino . L .
emission at late times. In a future publication, we will ex- 1€ p-h interaction in the Skyrme and Skyrme-like sche-

plore whether the modifications to the neutrino opacities of "&lic models may be directly obtained by double functional
the type investigated in this work will be discernable from gdifferentiation of the potential energy density. The potential

future supernova neutrino signal. The task of isolating and®"€r9Y density for the densities and temperatures of interest

identifying features of the neutrino signal that is most sensiiS Mainly a function of baryon density and proton fraction.

tive to the properties of matter and the neutrino opacities inl € temperature dependence, which enters only through the
the deep interior, while daunting, promises to provide usefufXPlicitly momentum-dependent interactions, is weak. In
insights into the nature and composition of dense matteﬁ{"hat fO_IIOWS’ we provide analytical expressions for the p-h
Recent progress made in the field of numerical modeling oft€raction at zero temperature.

supernova combined with the improved microphysical inputs The effective nqclepn-ngcleon interaction in jche standard
(EOS and opacitigswill go a long way toward achieving S<Yrme mode[23]is given in Eq.(9). The potential energy
this goal. density in the Hartree-Fock approximation for the above in-

teraction may be computed using the standard method by
employing plane-wave states for the nuclep23]. In terms
of the neutron and proton Fermi momeria and kP, the

We thank Adam Burrows, Chuck Horowitz, and Ray neutron and proton densitieg andn,, and the total baryon
Sawyer for many beneficial discussions. This work was supeensityn=n,+n,, the potential energy density is given by
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L % —Et 1+Ex n2+ it n*"2 1+ Ex + 0|ty 1+ Ex +t 1+Ex n?(3m2n/2)*3— 1t E+x n2+n?)
Q<>_20 20 123 23 201 21 2 22 (77 ) 202 O(p n
1 2, 2., 3 1 1 2,2 2,2
—1—2t3ny §+X3 (np+nn)+ﬁ -t §+xl +t5 §+x2 [np ke(p) +npke(n)]. (A1)
The single-particle potential energy for a given nucleon with isospin indard with momentunk is
V)
U= 5 (A2)
whereny, is the (r7)-diagonal element of the occupation humber matrix
nijE<\P|aj+ai|\P>, (A3)
each label,j denoting momentum, spin, and isospin. For Skyrme interactions, one gets
1 1 1 1 . 1 , (1 —_— 1 1
UT(k):tO 1+ EXO n+ €t3n7 1+ §X3 n+ 1—2'yt3n7 1+ §X3 n=— §+X3 (nz+nN) + Z tl 1+ Exl
1 , 3, 1 1 1 1 1 1 , 3.,
+t,| 1+ EXZ n| k +§k|: —1g §+X0 n,— 6t3n“/ §+X3 I’]T—Z ty §+X1 -t §+X2 n,| k +§k,:(7') .

(A4)

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

V)

kikz YV, kaky 1Y =————.
< 173 | ph| 402 > 5nk3k16nk4k2

(A5)

Hereafter, we will employ the standard notation for the participating momenta, ndmelyg+q,, k,=0,, ks=q4, and
k,=qg+q,, which indicates that] is the transferred momentum. The p-h interaction can be expressed as
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Vpn(d,02.0)= > V79(q,,0,,0) P, (A6)

(r7',9)
with the p-h spin projector®®=1/2 andP®) =g ¢'/2. The symbol ¢7') indicates the four isospin combinations
(pp Lpp™H and (nn~hnn7t) with 7/ =7, (A7)

(pp~5nn~1) and (nn~Ypp~h) with 7'=—7. (A8)

Two other isospin combinations, namelypr("!; pn™1) and (ip~t; np™ 1), are needed to describe the p-h interaction
relevant for the charge-exchange processes. These are, however, not independent, and may be related to interactions in the
(pp~ Y pp Y, (nn ! nn™Y), and Ep L nn 1) by isospin considerations. Denoting the p-h interaction in the spin
independent channels ds,, f,,, andf,, for the particle-hole statespp™*;pp~*), (nn~%;nn~1), and p *;nn"?),
respectively, we arrive at the relatiofs6]

1 2 I 1 1 HIE
fnn:to(l_X0)+ 6t3n7(1_X3)+ §'yt3n7 1+§X3 n— §+X3 I’ln +g'y('y—1)t3n7 1+§X3 n
1 5. 2 1 ’ 1 )
“l5TXs (np+np) "’Z[tl(l_xl)_?’tz(l"‘xz)]q +Z[t1(1—X1)+3t2(1+X2)]k,:(n) , (A9)

1 1 1 1
fanEtO(XO_ 1)+ 1—2t3n7(X3— 1)+ g[tl(xl_ 1) —ty(1+x,)]g%~ g[tl(xl_ 1) +t(1+x) I[ke(n)?+ke(p)?].
(A10)
The interaction between p-h proton stafgg is related tof ,, evaluated at proton fraction (1x) by isospin symmetry. The

spin-dependent p-h interactions characterizedghy, 9,,, andg,, are obtained by taking functional derivatives of the
energy density with arbitrary spin excess and are given by

1 1 1
Onn=to(Xo— 1)+ gtsny(xs_ 1)+ Z[tl(xl_ 1) —ta(1+Xp)]g*+ Z[tl(xl_ 1)+t2(1+X2)]k2n, (A11)
1 1 1 ’ 1 ) )
gnpzitoxo+ 1—2t3n7x3+ g[tlxl_tzxz]q + g[t1X1+t2X2][kF(n) +Kke(p)“]. (A12)

As noted earlier, the quantity,, is equal tog,, evaluated at proton fraction (1x).

For the schematic models described in Réi], where one begins with a parametric form for the energy density for spin
symmetric, but for arbitrary isospin asymmetry. The single-particle potential, obtained by functional differentiation of the
potential energy density, is given by

! 2(1 4 1
U|(n,X,k,T):§U |=212{5C,i(C|—82|)(1—2X)} g(k,A|)+AU 115 E-l—xo (1—2)() +Bu’® 1I§m(l_zx)
2 (0'_1) 1 ) 21 d3k
T3(orn|2 e (1=2x) MR (20i+4Zi)2f(Zw)gg(k,Ai)fi(w
+(3C-—4Z-)2f d% (k,A)fi(k) (A13)
[ [ (277)39 1 I ] 1

where the uppeflower) sign in = is for neutrons(protong andi#j. Taking functional derivatives of the single-particle
potential energy density, we arrive at the p-h interaction parameters

QU 88U, U,
"Msn, PPUosn,t " osn, on,

(A14)

Their explicit algebraic forms are
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1(:141 1-2 28"‘120_1 1122412 Buc~1
X0+— +C+ —§m[0'( — X)— X] u — §m X3+§ [O’( — X) — X( — X)] u

3 2

2
fnn=A[l——

2 2 _ —_ _ 2 _ _
+g[(3C—4Z)x+(ZC+4Z)(1—X)]—§a[(3C—4Z)x2’3+(ZC+4Z)(1—X)2’3]u2’3+ga[(3C—4Z)x5’3—(2C+4Z)

2 - -
><(1—x)5’3]u2’3+g(c—82)x Ke 2, (A15)
fom A1t 2 ot 2] [+ ot 1- 21— 20— 201-x)1[Burt— | 2 T2 kot S| [o(1-2x)2-4(1
np= +§ X0+§ +C+ _Em[(f( — X)— ( —X)] u — §m X3+§ [0’( — X) — ( —X)
2 2 — —
X (1-2x)]|Bu’ 1+ g[(3(:—42)x+(2c+42)(1—x)]—§a[(3c—42)x2/3+(2C+4Z)(1—x)2’3]u2/3
2 - —  — 2 . -
+ ga[(30—42)x5/3— (2C+4Z)(1—x)%3u?+ 5(C- 8Z)ke 2, (A16)
|
with . dp  g%/2—|p|3(1-cog 6)
|mHT(Q0aQ)=7TJ 3 p— 0,
C=CitCy, B=|2+22) 222442 (zm So o
=C,+0C5, = A—1+A—2 , L=2411 125, (B2)
~ Zl Zz) d3 M*2
Z:(_+_ : (AL7) Im T A(Go,q =27rf P B3
Ay A, A(Qo.a) 2m? ENEL, (B3)
The form of the energy density employed in these schematic
models does not explicitly account for the explicit spin de- d°p szg
M

pendence of the nucleon-nucleon interaction. The potential Im HVA(qO,(j)zzwf 0. (B9
energy density is independent of any spin excess, indicating (2m)° |9%|E}Ep. g
thatg,, andg,, are zero.
The p-h interactions parameters discussed in this appenn the above,
dix are related to the Fermi-liquid parameters. In symmetric
nuclear matter the appropriate relations are O=F(E} E}. [ 8(do—(Epsq—Ep))

:FO+ Fé f Fo— FE) GO+G6 +5(q0_(Ep_Ep+q))]u (BY)

nn N, ' np— N, ' Onn™ Ny,

F(EL Ef.o=fa(EN[1-Ty(Ef.9],  (BO)

Go— Gy
N (A18) ,
0 Es=V|p[*+M3°, E,=E;+U. (B7)
where the normalization factdd,=2M*kg /7 is the den- . o ) )
sity of states at the Fermi surface. For neutron maggr The particle distribution function$;(E) are given by the

Onp=

=Nof,n and Go=g,,No, With Ng=M* kg /72, Fermi-Dirac distribution functions
APPENDIX B: POLARIZATION FUNCTIONS * 1
fi(Ep)= " : (B8)
The various polarization functions required to evaluate 1+ exd (Ep —»)/kT]

the Hartree and RPA response functions are presented in this

appendix. The zero-temperature polarization functions mawherev is the effective chemical potential defined by
be found in Ref[34] and for finite temperatures in R¢B5].
Here, we collect the present extensions of these results to
asymmetric matter, and, in particular, to unlike p-h excita-
tions. For space like excitationqiso, they are given by

vi=pi—Ui= i~ (9op, @0t t35,9,8,00). (B9)

and the particle labels 2 and 4 correspond to the initial and
3 *2_ (]2 final baryons.
°p B [p[*cos’ 6 1e) The angular integrals are performed by exploiting the
(2m)° ESEpq delta functions. The three-dimensional integrals can be re-
(B1) duced to the following one-dimensional integrals:

ImHL(qo,&>=2wf
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ImIT, (Ao, @)= —— 9 |3J dE[(E+0qo/2)*—|al*/4]
X[F(E,E+qg)+F(E+qq,E)], (B10)
I (o, ) = ||~J AEL(E* +of2)+ o4
+|ql°M3 1g2)1[F(E.E+qo)
+F(E+qq,BE)], (B11
ImIIA(do,Q)= oy |q|f dE[F(E,E+qo)+F(E+qo.E)],

(B12)

2
q >3]

ImIya(do,q) = —= sf dE[2E+qo][F(E,E+qp)
8m|q|3Je-

+F(E+qq,E)]. (B13)

The lower cutoffe_ arises due to kinematical restrictions

and is given by

~12cZ
e =—pRto\ Fdym  (B1Y
9°—qg
where
sz_ 32
Jo=0otUs—Uy,, B:1+W. (B15)
— Yo
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These integrals may be explicitly expressed in terms of the
polylogarithmic functions

Lin(z):f:@dx, Li;(x)=In(1-x), (B21)

which are defined to conform to the definitions of Lewin
[55]. This polylogarithm representation is particularly useful
and compact:

lo=TZ 1+ 521 (B22)
_t2[M2” Y2 2 é &
1,=T ( st t—=, (B23)
— 2 2 2
=T (mo—Uz)” Up @ Z°
2 T 3 3
&3 e & e’ &
_T3 22 _ o922
V7 2 2 (B24)

wherez=[qo+ (u,— u4)]/T and the factorg, are given by

En=Lin(—ay)—Lin(—ay), (B25)
with
ay= exf (e_ — py+Uy)/T],
az= exp (e_ +Go— patU,)/T]. (B26)

It is convenient to reexpress the polarization functions as\ve note that the nonrelativistic structure function for neutral

follows:

. a a
|mHL(Q0'Q):2W|q|3 I+ ol + 1o, (B16)
|mH$(QOvQ):i I2t ol s

4m|ql?
+ (1—’2‘+%Z+M§2£>|0], (B17)
s
ImI1R(do,a) = oy |q| (B19)
2
ImH\R/)A(quq)_s q |3[QO|0+2|1] (B19)

where we used the one-dimensional integrals

B I‘(QO+(M2_M4))
|,= tanl ——=——

T J87dEE'“[F(E,E+qO)

+F(E+qg,E)]. (B20)

current scattering, Eq.(3) is, aside from the factor

M’Z‘ZT/wq, equal toly sinceé;=¢_ . In the case of neutral
currents, some of the terms in the above are simplified,

Yo S I M3 2
Z= 50 M= M, €= 5t 1—4q—i,

(B27)

and we recover the results obtained earlier in R&%].

For the real part, analytic forms do not exist. In the fol-
lowing we present, in integral form, the required polarization
functions. The results presented below generalize the results
of Ref. [35] to the case when the particle and hole states
correspond to different baryons:

ReHL:_if d3pF(E;) q%(E}*—|p|?cos6?)
R TR TR
@ - p .
:—-)# dp —F E* Allal— = E*Z_ E*

+OA/L_—(Ef+qoEs +a2/4)L, ]|,  (B29)
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4 F(EX 4M* F(E}) | 92E} —ay(p-
™ 2By ™ 265 [ qu-atpa? |, o
| (P~ Q3" [pI*(1— cost?)/2) MY (- b
4 40-0)2 =— —| dp — F(E}) [E_L_+E.L,],
a,—4(p-q) o=t 2W2|q|f0 p ; (Ep) [ L]
1 (= p R, (B32)
= 2P elgjo dp — F(Ep) {|q|3|p|+|q||plqi/2
T P where
2 312 1ql2
P s (¢ |
T\ ETMT T H(E)+f,(E)
. FE)=—7% (B33)
512 112
+(E3+M*2@+% L+H, (B29) ]
K adlpl JreE
, L,=1In - oo e (B34
rellee — 4 [ g3 Ep) qaM*?—(p-q)? 2B} do— 0y, +2[al[pl |
R R T= T TP
m p L AP | o ] . ]
" _ aldllpl ]f(E)
1 = b L_=In 1_2E* a2 —20a15 | FE) (B35)
=== f dp —F(Ep) [lallp|—(ay—4M*?) L “Ep o d. T AlalPL
m°lg[Jo " Ep
X(L_+L,)/8] (B30) The particle labels andj refer to the initial and final state

baryons. Antiparticle contributions have been neglected in

4 F(E*) 2\ %2 the above formulas as they provide negligible contributions
Rell = — _J' d3p—= 9 for the temperatures and densities of interest. Since the typi-
s ZEE,c qi—4(p~q)2 cal temperatures never exceed a few tens of MeV, they will

=E* 5
Po™%p be only important for electrons and only whegn<T.

M*2 [ P The vacuum contributions, which only play a role in the
=— Tf dp —*F(E;)(L,+L+), (B31) relativistic Hartree approximation, are not explicitly given
2m?q|lJo " Ej here, but may be found in Re].
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