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Neutrino cross section and mean free path in neutron stars in the framework
of the Dirac-Hartree-Fock approximation
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A study of the neutral current reactions of neutrinos with the dense matter existing in the late cooling stages
of protoneutron stars is carried out. The zero-temperature approximation is assumed at this stage and nonde-
generate neutrinos are considered. The matter consists of neutrons, protons, electrons, and muons. The fraction
of each component is determined once the charge neutrality and beta equilibrated neutrino-free matter condi-
tions are fulfilled. Several nuclear models are used, all inside a Dirac-Hartree or Dirac-Hartree-Fock approxi-
mations. These are as-v model and threes-v-p-r models that differ in the coupling forms used for thepN
andsN interactions. The neutrino mean free path is decreased in the Dirac-Hartree-Fock approximation from
that obtained in the Dirac-Hartree approach by about 2–3 times at high densities. Some kind of consensus is
found for the various models considered in the Dirac-Hartree-Fock approach in spite of their different foun-
dations. Neutrino propagation is quite sensitive to the behavior of the relativistic nucleon effective mass. The
dependence on the compression modulus and symmetry energy is also investigated.
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I. INTRODUCTION

Neutrino emission from newly formed neutron stars~NSs!
in supernova explosions until later cooling phases plays
important role in describing their evolution and structure@1#.
The most important component in the transport of neutri
is the neutrino opacity@2#. It strongly depends on the inte
actions among the constituents of the NS, the compositio
the star also affects the opacity. To study this fundame
process one key aspect involves the description of the in
acting NS matter. Relativistic nuclear models provide an
equate framework to carry out this task, because of the
pranuclear densities achieved in these systems.

Earlier work on neutrino opacities can be found elsewh
~Refs. @3–6#, and references therein!. Various scenarios and
approximations are used throughout these papers conce
the models involved, as well as the components, temp
tures, densities and type of neutrino reactions. In Ref.@7#
noninteracting NS matter is considered. Sawyer@8# and Iwa-
moto and Pethick@9# show the relevance of the NS matt
interactions upon neutrino propagation, in Ref.@9# calcula-
tions are performed in the framework of the Landau the
of Fermi liquids for pure neutron matter. Horowitz and W
hrberger@3,10,11# evaluate the neutrino cross section with
the relativistic framework in the mean field approximatio
Reddyet al. @4–6# provide several nonrelativistic and rela
tivistic developments along with different conditions of th
NS matter. However, as far as we know, there is only o
work which considers the effect of exchange interaction@12#
on the neutrino propagation in a relativistic framework, a
no one where thes-v-p-r mesons are considered in th
Dirac-Hartree-Fock~DHF! approach. Inasmuch the Foc
contribution of each meson, and particularly that of the pi
is rather significant in determining the nuclear matter pr
erties, it is presumably the influence of the Fock terms on
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neutrino diffusion. Further investigations in this context a
necessary.

Concerning the nucleon-nucleon interaction, the nonre
tivistic nuclear models of Skyrme type@5# have proven to be
not very adequate for various reasons. Some models bec
unstable to spin fluctuations or violate causality at high d
sities. They present an unexpected and anomalous beha
that is, the neutrino mean free paths are increasing funct
with the nuclear density. The relativistic Hartree models
these previous works@4–6# repair this problem. Regarding
the composition of the star, it is well known that relativist
Hartree models do not reproduce the symmetry energy s
factorily and, as a consequence, thegr coupling constant
must be taken as a fitting parameter in these references

Correlations in the relativistic random-phase approxim
tion ~RPA! due tos, v, andr mesons in Ref.@6# result in an
increase of the neutrino mean free path of 1–2.5 times
relativistic Hartree results at high density. The wide variati
comes from the Migdal parameter chosen which para
etrizes a very-short-range repulsive interaction by modify
the pion propagator.

The mean field approximation is the usual starting po
for relativistic field theory calculations. One of the questio
we are interested in this work is to elucidate if the Fo
contribution itself is important for the neutrino opaci
calculation, without considering in principle any RP
correlations.

The ground state of a NS is reached once the tempera
has fallen below a few MeV. This state is gradually reach
from the later stages of the cooling phase. The system is
quite dense and cool, so that the zero-temperature app
mation is valid. The period of the previous stage, where n
trinos are trapped in a hot dense protoneutron star, is
tremely short in comparison with the later stage. It is obvio
that experimental data will be more easily collected in t
period than in any other one@13#. We focus our developmen
©2001 The American Physical Society02-1
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NIEMBRO, BERNARDOS, LÓPEZ-QUELLE, AND MARCOS PHYSICAL REVIEW C64 055802
on this scenario and consider the system made up by
trons, protons, electrons, and muons. We are aware th
substantial amount of strange matter may be present in
cooling phase of the NS@5#. The neutrino scattering mea
free path decreases because the large contribution of theS2

to the neutrino cross section through its large vector coup
uCVu.2. In our neutrino-free scenario at zero temperat
the direct URCA reactionn1ne→e21p is kinematically
possible for low-energy neutrinos at and above a thresh
density when the proton fraction exceeds1

9 @14#. In the pres-
ence of muons, the proton fraction is slightly larger. Desp
kinematical restrictions the absorption reaction domina
over the scattering reaction for densities up to about
times the saturation density for the nonrelativistic and re
tivistic models studied in Ref.@5#. To simplify the develop-
ment we focus on the neutral current reactions as a first s
without considering strange matter effects. In fact one of
main motivations for our study is to compare the results fr
the different models, in the DHF approach, in order to det
whether some kind of pattern might appear which wo
allow a generic description of the neutrino propagation,
far as possible, model independent. To accomplish this g
it is enough to consider this simplified picture of the pro
lem.

The only output required from the models to obtain t
neutrino cross sections or the mean free paths are
nucleon self-energies and Fermi momenta. However, the
crepancies among the models are very large concerning
former quantities. On the other hand, no nuclear equatio
state has yet been obtained to describe the nuclear m
from ordinary densities to extreme ones. Therefore so
fundamental questions appear: Are these uncertainties l
enough to make the results meaningless? Which are the
servables of the NS matter to which neutrino propagatio
more sensitive? Or equivalently, what can we learn about
behavior of dense matter that makes up NS from the neut
signal? The aim of this work is to find some clues to answ
these questions.

The paper is organized as follows. In Sec. II we outli
the relativistic HF nuclear models which will be use
throughout this work. Section III is devoted to describing t
procedure to calculate the cross section and mean free
of the neutrino in the DHF approach. Some equations wh
complete this section are included in the Appendix. In S
IV we calculate the neutrino transport parameters, and el
date the differences observed among the models, as we
their dependence on the nuclear density and initial neut
energy. Finally, some conclusions are drawn about the se
tivity of the neutrino signal to the nuclear model observabl

II. DESCRIPTION OF THE NUCLEAR MODELS

For the sake of self-consistency we briefly describe
nuclear models applied in this study. More information ab
them can be found elsewhere@15–17#.

The general Lagrangian that includes the four mod
reads
05580
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L5c̄~ igm]m2M2m̂gss2gvgmvm!c2c̄S zigpg5pW •tW

1~12z!
f p

mp
g5gn]npW •tW Dc2c̄S grgmrW m•tW

1
f r

2M
smn]mrW n•tW Dc1

1

2
~]ms]ms2ms

2s2!

1
1

2
mv

2 vmvm2
1

4
FmnFmn1

1

2
mr

2rW m•rW m2
1

4
GW mn•GW mn

1
1

2
~]mpW •]mpW 2mp

2 pW 2!1 (
l 5e2,m2

l̄ ~ igm]m2ml !l ,

~1!

where

GW mn5]nrW m2]mrW n ~2!

and

m̂[F12~12h!gs

s

M G21

. ~3!

c designates the nucleon field, ands, v, p, andr the four
meson fields considered. The caseh50 corresponds to the
pure derivative coupling whereash51 gives the linear scala
coupling.z is the mixing parameter between the pseudosc
and pseudovector couplings for the pion. We usez50.25 for
the mixing model as one of the optimal values obtained fr
p-atoms and for elastic scattering of low-energy pions fro
nuclei @18#.

The relativistic nuclear models are identified by the m
sons and the sort of the meson-nucleon coupling that t
part in them, as-v model and threes-v-p-r models. The
four models are applied in the DHF approximation. The fi
one, namely, the HF(s1v) model, is also applied in the
Dirac-Hartree~DH! approach, theH(s1v) model, for com-
parison. Different coupling forms are used for thepN and
sN interactions. One model includes thepN interaction
with a pure pseudovector coupling form, namely, the HF~PV!
model, whereas the two remaining models use a mixing
pseudoscalar and pseudovector couplings of the pion. A
ear coupling in the scalar field is used except for the mix
models where both a linear scalar field and a derivative c
pling in s are considered. Hereafter, we shall refer to the
last models as the HF~MIX ! or the mixing model and
HF~DER! or derivative model, respectively.

They all proceed from effective Lagrangians, where thes
and v coupling constants are fitted to the nuclear mat
saturation conditions r050.16 fm23 and E/A(r0)
5216.0 MeV for the derivative model andr0
50.1484 fm23 and E/A(r0)5215.75 MeV for the three
other models. Table I summarizes the values of the par
eters and observables for all the models.

Monopole form factors with cutoff massesL
51140 MeV are used for all mesons@19# in our linear mod-
els. However, in the derivative model, a genuine prescript
2-2
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TABLE I. Adjusteds andv coupling constants of each model, defined by the used scalar coupling typeh and mixing parameterz, and
properties of symmetric nuclear matter atr0 . M* /M is the nucleon scalar effective mass over the free value at the Fermi momentumK is
the NM compression modulus, anda4 is the symmetry energy parameter. We choosems5571 MeV,gr

2/4p50.17 for the derivative mode
andgr

2/4p50.55 for the two other models. In both cases, the relationf r /gr56.6 is kept, as usual in OBEP potentials.rc
eq is the critical

density calculated inb equilibrium at which the ferromagnetic transition would take place andrB(0) is the maximum density in the cente
of the neutron star@16#.

Model h z gs
2/4p gv

2 /4p M* /M K ~MeV! a4 ~MeV! rc
eq rB(0)

H(s1v) 1 10.53 15.20 0.54 547 19.3 4.0r0

HF(s1v) 1 9.64 12.52 0.51 589 31.1 3.9r0

HF~PV! 1 0 9.22 9.79 0.56 434 34.0 .rB(0) 4.5r0

HF~MIX ! 1 0.25 7.99 7.29 0.60 382 28.9 4.1r0 5.2r0

HF~DER! 0 0.25 4.27 3.76 0.72 268 33.6 ? 6.9r0
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has been used to subtract thed3(r ) contact interaction con-
tribution to the potential energy@17# which is suppressed in
realistic many body calculations by short-range correlatio

We consider a multicomponent system made up of n
trons, protons, electrons, and muons. Electrons and mu
are included in the models as noninteracting particles si
their interactions give small contributions compared to tho
of their free Fermi gas. The concentration of each compon
is determined once the charge neutrality andb equilibrated
neutrino-free matter conditions at zero temperature are
filled. Figures 1–5 show the particle fractions obtained
each model as a function of the nuclear density. Differen
in composition among the models arise from the differen
in the symmetry energy values. The greater the symme
energy the higher the proton concentration expected, as
be seen from Figs. 1–6.

FIG. 1. Particle fractions obtained by imposing theb equilib-
rium at zero temperature as a function of the nuclear density in
Hartree (s1v) model.
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For further interest Table I gives the critical density a
which a ferromagnetic transition would take place inside
NS @16#, as well as the maximum nuclear density valu
rB(0) allowed in the center of a NS. This value is calculate
by solving the Tolmann-Oppenheimer-Volkoff equation
@20#, where hydrostatic equilibrium is guaranteed.

Figures 7 and 8 show the scalar and timelike self-energi
for neutrons and protons, respectively, as functions of the
respective momenta at 2r0 for all the models. The graphics
illustrate the wide variation of these quantities among th
models. In the DH approach, the self-energies are mome
tum independendent, but not in DHF, where a strong depe
dence is shown for the neutron self-energies, particularly f
the timelike ones. In the case of protons, a significant m
mentum dependence appears only for the mixing and deriv
tive models. The vectorlike self-energySV is zero in the DH

e
FIG. 2. Particle fractions obtained by imposing theb equilib-

rium at zero temperature as a function of the nuclear density in t
HF(s1v) model.
2-3
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NIEMBRO, BERNARDOS, LÓPEZ-QUELLE, AND MARCOS PHYSICAL REVIEW C64 055802
approach and it is very small in the DHF approach w
respect to the other self-energies,uSVu.5 – 30 MeV at Fermi
momentum.

III. NEUTRINO CROSS SECTION AND MEAN FREE
PATH

We make use of an effective four-point coupling for t
relevant interaction Lagrangian from Weinberg-Salam the

FIG. 3. Particle fractions obtained by imposing theb equilib-
rium at zero temperature as a function of the nuclear density in
HF~PV! model.

FIG. 4. Particle fractions obtained by imposing theb equilib-
rium at zero temperature as a function of the nuclear density in
HF~MIX ! model.
05580
y

@21,22# in terms of a current-current interaction. It assum
the values of the momentum transferred much less than
masses of the weak gauge bosons and reads

Lint
j 5

GF

&
@ n̄gm~12g5!n#~ c̄Jm

j c!, ~4!

wheren is the neutrino spinor, while the other componen

e

e

FIG. 5. Particle fractions obtained by imposing theb equilib-
rium at zero temperature as a function of the nuclear density in
HF~derivative! model.

FIG. 6. Symmetry energy in MeV as a function of the nucle
density for the various models studied here.
2-4
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NEUTRINO CROSS SECTION AND MEAN FREE PATH . . . PHYSICAL REVIEW C64 055802
are defined below. Indexj serves to designate the differe
target particles: neutrons, protons, electrons, and muon
our case.

The neutrino differential cross section per volume may
expressed for elastic scattering in the following way@23#:

FIG. 7. Scalar and timelike neutron self-energies in MeV a
function of the neutron momentum at 2r0 for the models studied
here. Full line refers to H(s1v) model, dashed line to HF(s
1v) model, dashed-dotted line to HF~PV! model, dotted line to
HF~MIX ! model, and dashed-dot-dot-dot line corresponds
HF~DER! model.

FIG. 8. Scalar and timelike proton self-energies in MeV as
function of the proton momentum at 2r0 for the models studied
here. The meaning of the lines are the same as in Fig. 7.
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V

d3s

d2V8dEn8
52

GF
2

32p2

En8

En
Im~LmnPmn!, ~5!

whereEn andEn8 are the initial and final neutrino energie
respectively,

Lmn58@2kmkn1~k•q!gmn2~kmqn1qmkn!7 i emnabkaqb#
~6!

is the neutrino tensor, withk the initial neutrino four-
momentum andq(q0 ,qW ) the four-momentum transferred
GF51.02331025/M2 is the weak coupling constant an
Pmn is the polarization tensor. The latter embodies the
scription of the nuclear and lepton systems and is defined
each target particle specie as

Pmn
j ~q!52 i E d4

~2p!4 tr$Gj~p!Jm
j Gj~p1q!Jn

j %, ~7!

j 5n,p,e2,m2. G(p) is the target particle propagator an
p(p0 ,pW ) the corresponding initial four-momentum. In th
case of the nucleon at the neutron or proton Fermi mome
pF

n,p , the propagator in the DHF approximation reads as f
lows:

Gn,p~p!5~p” p* 1M p* !H 1

pp*
22M p*

21 i e
1

ip

Ep*

3d~p0* 2Ep* !u~pF
n,p2upW u!J , ~8!

where subindexp means momentum dependence.Ep*
5ApW p*

21M p*
25Ep1S0(p) is the nucleon effective energ

with M p* 5M1SS(p) being the nucleon scalar effectiv
mass,pW p* 5pW 1(pW /upW u)SV(p) the nucleon effective momen
tum andSS(p), S0(p), andSV(p) are the scalar, timelike
and spacelike self-energies, respectively. The electron
muon propagators have similar expressions to Eq.~8! for the
nucleons when the starred quantities are replaced by
free ones.

Substituting the currentsJm
j 5gm(CV

j 2CA
j g5) andJn

j into
equation of polarization~7!, one can decompose it into vec
tor, axial, and vector-axial contributions. That is to say~par-
ticle specie index omitted for simplicity!

Pmn5CV
2Pmn

V 1CA
2Pmn

A 22CVCAPmn
VA . ~9!

The neutral vector and axial coupling constantsCV andCA
for each particle species are given in Table II.

We emphasize that no analytical solution exists for
polarization tensorPmn because of the momentum depe
dence of the self-energies in the DHF approach. After s
stitution of the Dirac particle propagators of Eq.~8! in Eq.
~7! and then in Eq.~9! ~Dirac sea effects were not consid
ered! and contour integration over thep0 complex plane, the
following expression is obtained in a frame whereqW (0,0,q):

a

o

a

2-5
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NIEMBRO, BERNARDOS, LÓPEZ-QUELLE, AND MARCOS PHYSICAL REVIEW C64 055802
Im Pmn~q!5
1

2p E dpdxp2

Ep* Ep8
*

Fmnu~p82pF!u~pF2p!

3d@Ep* 2Ep8
* 2S0~p!1S0~p8!1q0#.

~10!

In this equationx5cosa, a being the angle between th
momentum transferqW and the initial target particle momen
tum pW . p8 is the notation used forupW 1qW u for brevity. Fmn

groups together traces of Dirac matrices, and is described
each type of contribution~vector, axial, and vector-axial! in
the Appendix.u functions in Eq.~10! show that the scatter
ing proceeds from the Fermi sea to the unoccupied levels
top of it.

It is convenient, for computational reasons and to clar
the physical insight, to reduce the integral into a on
dimensional one. This can be achieved by using thed func-
tion regarded as a function ofx. We designate byg(x) the
argument of thed in Eq. ~10!. It is also necessary to incor
porate the constraintuxu<1. A straightforward manipulation
transforms Eq.~10! into

Im Pmn~q!5
1

2p E dpp2

Ep* Ep8
*

Fmnu~p82pF!

3u~pF2p!
d~x2xj !

ug8~xj !u
U

g~xj !50,uxj u<1

, ~11!

whereug8(xj )u reads

ug8~x!u5
pq

Ep8
* UF11

SV~p8!

p8
1S 11

SV~p8!

p8 DSV82
M p8

*

p8
SS8

2
Ep8

*

p8
S08GU. ~12!

SS8 , S08 , and SV8 mean derivation with respect top8[upW
1qW u. Care must be taken in handling the momentum as w
as thex dependence in the self-energies because of t
influence on the neutrino diffusion. The zeros ofg(x) for a
given value ofp are calculated self-consistently with th

TABLE II. Neutral-current vector and axial couplings in term
of the Weinberg angleuw ~with sin2 uw50.223! and the nucleon
axial coupling constantgA ~Gaillard and Sauvage!. Neutral current
couplings with nucleons of all neutrino species, includi
antineutrinos, are identical,i stands fore2-, m2-, or t2-type
neutrinos.

Reaction CV CA

n i1n→n i1n 21/2 2gA/2
n i1p→n i1p 1/222 sin2 uw gA/2
ne1e2→ne1e2 1/212 sin2 uw 1/2
ne1m2→ne1m2 21/212 sin2 uw 21/2
05580
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values of the self-energies.ug8(x)u may be expressed in
terms of the density of states of the DH or DHF partic
spectrum by

ug8~x!u5
pq

p8

dEp8
dp8

. ~13!

The physical significance of this term comes from its relat
to the relativistic generalization of the effective massM̃
5p@(dE/dp)2221#1/2 @15,24#, which might be considered
as a model observable, that coincides with the nucleon sc
effective massM* in DH. As will be seen later, this magni
tude has profound effects on the neutrino diffusion. One
easily infer the behavior ofug8(x)u with momentum and den
sity for DH and DHF. Thus, it is a well established resu
@15,16,25,26# of relativistic nuclear models that the sing
particle spectrum is smoother in DHF than in DH. This fa
should be considered a peculiarity of all relativistic mode
The variations of this quantity from one model to anoth
signal the differences observed in their cross sections
mean free paths, as shall be seen later.

Finally, the contraction between the neutrino tensor a
the polarizations given in Eq.~11!, leads to the differential
cross section

1

V

d3s

d2V8dEn8
5

GF
2

4p3

En8

En
qm

2 (
j

@~CV j
2 1CA j

2 !~A Im PV j

1Im PT j!2CA j
2 Im PA j

12CV jCA jB Im PVA j#, ~14!

where

Im PV j5Im PL j1Im PT j, A5
2En~En2q0!1qm

2 /2

uqW u2
,

B52En2q0 , ~15!

and j refers to neutrons, protons, electrons, and muons.
In Eq. ~11!, the integrand may be regarded as formed

two factors, namely, one made up by bothu functions to-
gether with thed one, and the other made up byFmn Dirac
trace factor. The first one by itself is proportional to th
number of ways a particle can move from inside the Fe
sea to outside while keeping the kinematical constraints.
second one, that is, the trace factor may be related to
barionic or leptonic current fluctuation associated to
weak interaction. In our scenario and for the models cons
ered here, the most influential factor upon neutrino propa
tion is the first one. Therefore, in momentum space, it co
be regarded as proportional to the volume of an annular
gion located in the vicinity of the intersection of two Ferm
spheres constructed by points that fulfill the former con
tions imposed by theu andd functions.

As the momentum transfers involved in these proces
and in particular in our scenario, are very small in compa
son with the Fermi momenta of the particles, especially w
the neutron one, the available phase space is very small.
fact reinforces the effects of the density of states. Likewi
2-6
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NEUTRINO CROSS SECTION AND MEAN FREE PATH . . . PHYSICAL REVIEW C64 055802
the scattering processes are restricted to regions in the p
space very close to the Fermi surface. All these circu
stances mean that a high degree of accuracy is required
the numerical integration.

The mean free path of neutrinos is easily calculated tak
into account that neutrinos are nondegenerate at this stag
that no blocking factor is necessary, and the zero-tempera
approximation is valid. It is more suitable, for this calcul
tion, to use as variables of integration the momentum
energy transfer,uqW u andq0 , respectively. The mean free pa
l as a function of the initial neutrino energy at a certa
density is given by

1

l~En!
5E

q0

2En2q0
duqW u E

0

2En
dq0

uqW u
En8En

2p
1

V

d3s

d2V8dEn8
.

~16!

Equations~14! and ~16! are used in the following section t
produce our results.

IV. NUMERICAL RESULTS

As stated above, for our purpose and to simplify the
velopment we concentrate on the scattering ofne . The ab-
sorption channel would be kinematically possible and p
sumably important in our DHF models up to about two tim
@three times for the HF~MIX ! model# the nuclear matter satu
ration density. However, the small proton fractions of t
H(s1v) model increase the threshold density for the a
sorption channel to be possible above four timesr0 . Thus, in

FIG. 9. Neutrino differential scattering cross section in char
equilibrated matter at zero temperature in all the models. Contr
tions from neutrons, protons, electrons, and muons are summe
En55 MeV andq52.5 MeV. The nuclear density chosen is 2r0 .
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this case the scattering reactions are the prevailing ones
take place at this stage.

The extension to the scattering ofn̄e is straightforward,
since the only modification with respect tone is the opposite
sign in the vector-axial term in Eq.~14!, because of the neu
trino helicity change. This contribution is very small in com
parison with the vector and axial ones, so that the mean
path of n̄e is approximately the same as that ofne . The n-
and n̄- nucleon couplings are independent of the neutr
flavor while then- and n̄- lepton ones are flavor depende
@5#. Therefore, the neutrino mean free path due to nucleon
the same for all flavor neutrinos. However, the neutral c
rent vector coupling fornm- and nt-e

2 scattering is much
smaller than the corresponding tone-e

2.
Typical initial neutrino energies for the cooling phase o

NS in the late stages are aboutEn55 and 10 MeV. We
calculate the neutrino differential cross section and mean
path at theseEn with uqW u52.5 and 5 MeV, alternatively. In
the following, the main results of this work are discusse
We stress the differences observed between DH and D
approaches, as well as those arising from each model in t

~1! Kinematical limits. First, we focus on the neutrino
cross sections. The maximum limits ofq0 at uqW u constant
with nonzero cross sections are accurately approximated
taking into account thatuqW u is small in relation with the targe
particle Fermi momentum and that the scattering involv
the phase space very close to the surface of the Fermi sp
From the energy conservationEp85Ep1q0 and a Taylor ex-
pansion ofEp8 andEp aroundpF , the maximum value ofq0
for scattering with nucleons is found to be a function of t
nucleon effective mass and Fermi momentum at fixeduqW u

-
u-
up.

FIG. 10. Relativistic neutron effective mass calculated with
neutron fraction given byb equilibrium as a function of the nuclea
density for the various models studied here.
2-7
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q0
max.

1

A~M̃ /pF!211
uqW u. ~17!

ThepF of electrons and muons is very much larger than th
free masses, so thatq0

max.uqWu. The minimum value forq0

is zero.
~2! DHF versus DH. Figure 9 shows the differential neu

trino cross section obtained for scattering with neutrons, p
tons, electrons and muons at 2r0 for all the models. All the
DHF results present a narrower width of the cross sec
versus the corresponding DH one. Moreover, an increas
the height of the cross section occurs in DHF models ver
the DH model, while keeping a similar shape. The sa
qualitative results are obtained for higher nuclear matter d
sities, with bigger relative differences between the DH
models and the DH one.

This behavior is understood by means of the values of
neutron and proton effective masses, which are displaye
Figs. 10 and 11, respectively, for all the models conside
here. The neutron effective mass in any DHF model is lar
than the corresponding value in the DH model, and the v
ues ofq0

max for both approximations are well reproduced
using Eq.~17!. With regard to the value of the neutrino cro
section, it is directly dependent on the nucleon effective m
@see Eqs.~11! and ~12!#. The dominant contribution to the
neutrino scattering cross section from neutrons, protons
muons arises from the axial contribution to Eq.~14!, as one
can see from the values of their axial coupling constants
Table II. The vector part is the most important contributi
to the neutrino cross section coming from scattering w
electrons.

FIG. 11. Relativistic proton effective mass calculated with t
proton fraction given byb equilibrium as a function of the nuclea
density for the various models studied here.
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Figures 12–16 show the contributions of each target pa
ticle to the differential neutrino cross section shown in Fig. 9
for each model at the nuclear matter density 2r0. Figures
17–21 are the corresponding ones at 3r0. The changes in the
different models can be explained as a consequence of
behavior of the nucleon effective mass and the particle fra
tions given by theb equilibrium. Let us focus, first, on the
DH and HF(s1v) results~Figs. 12 and 13!. As Figs. 10 and
11 show, at 2r0 the DH effective masses lie below the DHF
ones for neutrons and protons and they are closer to the l
ones. Therefore, the growth for the neutrino cross sectio
undergone in the DHF approach versus the DH one is larg
for the neutron case than for the proton one. The compositi
of the NS is displayed for both approaches as a function
the density in Figs. 1 and 2. The neutron concentration
slightly decreased in DHF in comparison with DH and evi
dently the opposite is true for protons. One can easily veri
with Eq. ~17! which are theq0 maxima in both models and
for each component. The shift inq0

max for neutrons to smaller
values in HF(s1v) is more than compensated with the
growth undergone in height of the cross sections for neutro
and protons. The net balance provides an enhancement of
DHF neutrino cross section versus the DH one. Electron
and muons play a minor role. This result has a direct effe
on the neutrino mean free path as can be seen in Fig. 22.
the density increases, the gap between the DH and HFs
1v) effective masses increases, and it is more pronounc
for neutrons than for protons, both cross sections followin

FIG. 12. Neutrino differential scattering cross section in charge
equilibrated matter at zero temperature in the Hartree (s1v)
model. Contributions from neutrons~dashed line!, protons~dashed-
dotted line!, electrons~dotted line!, and muons~dashed-dot-dot-dot
line! are displayed as well as the total contribution, at the nucle
matter density 2r0 . En55 MeV andq52.5 MeV.
2-8
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NEUTRINO CROSS SECTION AND MEAN FREE PATH . . . PHYSICAL REVIEW C64 055802
the same pattern as their corresponding effective mass
Thus, the same qualitative behavior is observed at larger de
sities~see Figs. 17, 18, and 19!, so that the same conclusions
are still valid in this region.

~3! Role of the isovector mesons. The main effect of the
isovector mesonsp and r on the nuclear observables is to
reduce in part the compression modulus, which is overes
mated in the HF(s1v) model, as is shown in Table I. The
tensor part of ther meson plays a dominant role in this
effect. To analyze the consequences on the neutrino cro
sections and mean free paths, we proceed as before, by
specting in Figs. 10 and 11 the curves corresponding to t
nucleon effective masses of both models, the HF(s1v) and
HF~PV!. At 2r0 , the neutron~proton! effective mass of the
pseudovector model lies below~above! that of the HF(s
1v) model. The compositions of the NS for both models
Figs. 2 and 3, are very similar. Thus, theq0

max for the cross
sections are in fair agreement with Eq.~17!, that is to say, it
is increased for neutrons~decreased for protons!, when going
from the HF(s1v) model to the HF~PV! one, see Figs. 13
and 14. The height of the neutron and proton cross sectio
undergoes an opposite tendency to the corresponding widt
Therefore, a small diminution of the cross section is ob
served in the pseudovector model. The neutrino mean fr
paths for both models are displayed in Fig. 22 as a functio
of the nuclear density. No significant changes go throug
from one function to the other. The previous compariso

FIG. 13. Neutrino differential scattering cross section in charge
equilibrated matter at zero temperature in the HF(s1v) model.
Contributions from neutrons~dashed line!, protons~dashed-dotted
line!, electrons~dotted line!, and muons~dashed-dot-dot-dot line!
are displayed as well as the total contribution, at the nuclear mat
density 2r0 . En55 MeV andq52.5 MeV.
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provides some hints on the correlation between the mean
path and the compression modulus. Indeed, the satura
conditions are the same for both models since they are
posed in the fitting procedure. The symmetry energy para
eter a4 and nucleon scalar effective mass differ by abo
10%, while the compression modulus undergoes a varia
of 30%. The mean free path is rather insensitive to t
change.

~4! Effects of pseudoscalar coupling. The mixing model is
adequate to study the effect of the pseudoscalar coup
which increases the magnitude and slopes of the s
energies when represented versus the nucleon momentup,
compared to the previous DHF models studied, see Fig
and 8. The reduction of the compression modulus and
symmetry energy parameter are the main effects on
nuclear observables regarding the HF(s1v) and PV mod-
els, as can be seen in Table I. It is interesting to compare
outcome with respect to the HF~PV! model. At two times the
saturation density, the neutron and proton effective mas
are located above the corresponding pseudovector ones
the same arguments stated previously, the cross section
acteristics are easily understood. However, the most sig
cant feature in this model is the tremendous increase in
proton effective mass, as shown in Fig. 11. Two con
quences stem from this growth; on the one hand the enla
ment of then-proton cross section, and on the other hand
reduction of the proton q0

max value as the density

-

er

FIG. 14. Neutrino differential scattering cross section in char
equilibrated matter at zero temperature in the HF~PV! model. Con-
tributions from neutrons~dashed line!, protons~dashed-dotted line!,
electrons~dotted line!, and muons~dashed-dot-dot-dot line! are dis-
played as well as the total contribution, at the nuclear matter den
2r0 . En55 MeV andq52.5 MeV.
2-9
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FIG. 15. Neutrino differential scattering cross section in charge
equilibrated matter at zero temperature in the HF~MIX ! model.
Contributions from neutrons~dashed line!, protons~dashed-dotted
line!, electrons~dotted line!, and muons~dashed-dot-dot-dot line!
are displayed as well as the total contribution at the nuclear mat
density 2r0 . En55 MeV andq52.5 MeV.

FIG. 16. Neutrino differential scattering cross section in charge
equilibrated matter at zero temperature in the derivative mode
Contributions from neutrons~dashed line!, protons~dashed-dotted
line!, electrons~dotted line!, and muons~dashed-dot-dot-dot line!
are displayed as well as the total contribution at the nuclear mat
density 2r0 . En55 MeV andq52.5 MeV.
05580
increases. One can see the variation of these parameters
the nuclear density in Figs. 15 and 20. The symmetry ene
influences the neutrino mean free path through its effect
the composition of the star. The mixing model and the Hs
1v) model present small values of the symmetry ener
that is, small proton concentrations. As shown in Ref.@24#,
the exchange terms increase the values of the effec
masses both for protons and neutrons with the density. T
growth depends on the isospin asymmetry and the bar
specimen. The higher the asymmetry parameter, the gre

-

er

-
l.

er

FIG. 17. The same as Fig. 12 for a nuclear densityrB53r0 with
the corresponding concentrations in charge-equilibrated matter

FIG. 18. The same as Fig. 13 for a nuclear densityrB53r0 with
the corresponding concentrations in charge-equilibrated matter
2-10
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the increase in the relativistic effective masses, being m
pronounced for protons than for neutrons. We have chec
for a pure pseudoscalar model (z51) the tendency of this
effect. In this casea4527 MeV, slightly lower than in our
mixing model. The sharp increase of the proton effecti
mass with the density is moved towards lower values ofr,
about twice the ordinary nuclear density. The DH model h

FIG. 19. The same as Fig. 14 for a nuclear densityrB53r0 with
the corresponding concentrations in charge-equilibrated matter.

FIG. 20. The same as Fig. 15 for a nuclear densityrB53r0 with
the corresponding concentrations in charge-equilibrated matter.
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the lowesta4 parameter and, consequently, the smallest pro
ton fraction. However, the effect of the rising of the effective
masses with the baryon density, previously mentioned, is no
observed. The reason is that the relativistic effective mass
equal to the scalar effective one, and the latter does not in
crease with the density, in contrast with the former as it is
shown in Ref.@24#. The neutrino mean free path in the mix-
ing model is shorter than in any other model, as displaye
in Fig. 22. The protons are mainly responsible for this
reduction.

~5! Effects of the nonlinearities in thes field. Table I
shows the drastic decrease in the nuclear matter compres
ibility, to a value within the range of accepted experimenta
values, and the increase in the scalar effective mass broug
about by the derivative model with respect to the other de
scriptions. These features provide a good nuclear matter d
scription, while conserving suitable behavior in finite nuclei
concerning the spin-orbit splitting, due to the increase in the
scalar effective mass@17#. The symmetry energy parameter
is also well reproduced because of ther meson effect. Atr0
the neutrino differential cross section in the derivative mode
looks very similar to that of the mixing model. However,
differences become significant as the density increases~Figs.
15 and 16! following the same trends as the corresponding
effective masses. Height and width relations in the cross se
tions are again well reproduced by the same expressions us
before. Beyond 2r0 , the contrast between both models is
more evident, as displayed in Figs. 20 and 21, not only du
to the proton effective mass increase in the mixing model
which is absent in the derivative one, but also for the greate
neutron effective mass. The heights of then-neutron and
n-proton cross sections approach each other, in the derivativ

FIG. 21. The same as Fig. 16 for a nuclear densityrB53r0 with
the corresponding concentrations in charge-equilibrated matter.
2-11
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model, as the density increases. This fact is immediately
duced from the behavior of their respective effective mas
as a function of the density. The neutrino mean free p
obtained with the derivative model shows, as can be see
Fig. 22, the smoothest function of the nuclear density in
high density interval. This is the most reliable model to tru
in at high densities. For instance, the derivative model p
sents a better high density behavior than other nonlinear r
tivistic models that contain terms ins3 and s4 in the La-
grangian. In these models, the truncation of the nonlin
contributions yields an energy per particle that behaves
polynomial of the density which sooner or later produc
undesirable effects. In Fig. 23 the results of the neutr
mean free path withEn510 MeV are shown. The sam
qualitative behavior is conserved as it is easily deduced f
the expression of the cross section.

It is worth mentioning that the contribution of the vecto
like self-energies to the neutrino mean free path is not n
ligible. Although their absolute values are small in compa
son with the other self-energies, their momenta depende
is significant and enters in Eq.~12! for the calculation of the
neutrino cross section. Theq0

max of Eq. ~17! is also changed a
little. Thus, the neutrino mean free path at 2r0 decreases
about 10% for the HF~DER! model when the vectorlike self
energies are removed. Different growths and signs ofSV

n,p

near the Fermi surface for the various DHF models influe
in one sense or the opposite the neutrino mean free path
in all the cases the variation is about 10% or less.

Up to the nuclear densities where the calculations of
neutrino mean free path are made, and within these mod
the NS is stable and supposed to be spin symmetric~Table I!.
No ferromagnetic transition is expected for both H(s1v)

FIG. 22. Neutrino scattering mean free path as a function of
nuclear density forEn55 MeV.
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and HF(s1v) models. The pseudovector model leads to
ferromagnetic transition that would describe an unstable st
That is to say, the critical density calculated inb equilibrium
for the ferromagnetic transition to take place, would be large
than the maximum density,rB(0), in the center of the NS
model.

However, the mixing model leads to a ferromagnetic tran
sition at a critical density about four timesr0 , which can
occur inside a NS. Above this value of the density, the mea
free path should be calculated for magnetized NS matte
Work is in progress in this direction. Regarding the deriva
tive model, its soft equation of state leads to the greate
maximum density valuerB(0) in the center of a NS of all
the models.

V. CONCLUSIONS

In the present work we have for the first time used differ
ent relativistic DHF models to study neutrino propagation in
NS. The astrophysical situation chosen is that of the la
stages of the cooling of a protoneutron star. At this stage, th
zero temperature approximation is plausible and the typic
initial neutrino energies are around 5–10 MeV.

The Fock inclusion in the nuclear models has been foun
to be very important in the calculation of the neutrino mea
free path. More complicated momentum and density depe
dences in the nucleon energy spectra are some of the n
important features that appear in DHF models. Thus, the D
and DHF approaches yield very different neutrino mean fre
paths.

It is interesting to note that opposite corrections to th
relativistic DH neutrino mean free path are obtained whe

e
FIG. 23. Neutrino scattering mean free path as a function of th

nuclear density forEn510 MeV.
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NEUTRINO CROSS SECTION AND MEAN FREE PATH . . . PHYSICAL REVIEW C64 055802
including RPA correlations or Fock interactions in th
nuclear medium. At high densities, the former increases
neutrino mean free path 1–2.5 times while the latter
creases it 2–3 times depending on the DHF model chos

The DHF results are rather clustered, so that some kin
consensus should be accepted in spite of their different
ture. This is a model independent conclusion as long as
work in this approximation while the DH mean free path
overestimated in comparison with those obtained in D
models. The mixing model is the one which leads to the m
different and smallest neutrino mean free paths versus
other models. The great contribution of the pseudoscalar
of the pion is responsible for this mechanism.

The underlying mechanism that accounts for these res
is connected with the density of states around the Fermi
face, which is different in both approximations. Likewise t
DHF nucleon self-energies differ drastically among the m
els. However, they lead to close results, which may be w
understood by inspecting their respective relativistic eff
tive masses. It is the way the slopes of the self-energ
combine among each other, and not their absolute ma
tudes, that really matters as it is evident in the vectorl
self-energies. The nucleon scalar effective mass is not ab
explain these results since it only takes into account
nucleon scalar self-energy. To study systems as the NS
more significant to use the relativistic effective mass a
nuclear observable rather than the scalar effective mass

Therefore, one can conclude that neutrino propagatio
quite sensitive to the behavior of the relativistic nucleon
fective mass. The tendency in all the DHF models is to re
the population inversion at a certain model dependent d
sity. Whether or not this phenomenon takes place depend
the stability of the star. Whenever it occurs, the NS ma
would become completely opaque to the neutrino propa
tion.

On the contrary, compression modulus has scarce in
ence on the neutrino propagation. It seems rather difficu
obtain information about this nuclear observable in de
matter from the neutrino signal. Symmetry energy is not n
ligible due to its impact on the NS composition.

It is desirable to extend this development, by using
same DHF models, at finite temperature to study whether
strong dependence on the density of states is conserved
This extension would allow to deal with earlier stages of
neutrino propagation involving higher neutrino energies a
momentum transfers. It is also interesting, on the basis
these models, to include RPA and elucidate the differen
observed from DHF with and without RPA outcome.

Another topic to deal with is the influence of a ferroma
05580
e
-
.

of
a-
e

F
st
he
rt

lts
r-

-
ll
-
s
i-

e
to
e
is
a

is
-
h
n-
on
r
a-

u-
to
e
-

e
e

oo.
e
d
of
es

netic phase, as the one predicted in these models, upon
neutrino propagation. To investigate whether the underly
mechanisms responsible of the appearance of this phas
also relevant in the neutrino diffusion.

If the quality of a model proceeds from its prediction
about the nuclear matter observables and finite nuclei p
erties, then the Brueckner-DHF self-energies might be u
as the best ones to trust in. In this sense, the derivative m
treated here would be quite reasonable as its self-energie
in good agreement with the corresponding to the Brueckn
DHF model @19# as functions of the nuclear density, up
2r0 ~for symmetric nuclear matter!. However, the lack of
experimental data does not guarantee that new phenom
might appear at high densities, which are not envisaged
the simple extrapolation of the results from ordinary den
ties to extreme ones.
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APPENDIX

Using vector current conservation and translational inva
ance, the vector piece of the density dependent part ofPmn

in Eq. ~7! has only two independent components, namely,
longitudinal and transverse polarizations@26#. Their contri-
butions toFmn of Eq. ~10! are

Fmn
L 5

qm
2

2q2 @Ep* Ep8
* 1M p* M p8

* 1pW * •~pW 1qW !* # ~A1!

and

Fmn
T 5

1

2
~M p* M p8

* 2Ep* Ep8
* 1p* 2x21pW * •qW !. ~A2!

The axial piece can be written as the sum of the vector pi
and a correction term which can be written as

Fmn
A 5M p* M p8

* gmn ~A3!

and the vector-axial piece is found to be

Fmn
VA5

qm
2

4q2M p*
~Ep* M p8

* 1Ep8
* M p* !i emna0qa, ~A4!

qm
2 being the square of the four-momentum transfer.
ys.
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