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The neutrino propagation in neutron stars is studied in the framework of the linear response method. The
medium effects are treated in the nonrelativistic Brueckner-Hartree-Fock approach either in the mean-field
approximation or in the random phase approximation. The residual interaction is expressed in terms of the
Landau parameters extracted from the equation of state of spin- and isospin-polarized nuclear matter. The
Brueckner theory including three-body forces is used for determining the equation of state. Numerical predic-
tions for the response function of nuclear matteBiaquilibrium and the neutrino mean free path are presented
in a range of baryonic densities and temperatures. The main results are a dominance of the charge-exchange
component over the scattering component and an enhancement of the neutrino mean free path induced by
nuclear correlations.
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I. INTRODUCTION experimental constraints exist so far in a so wide range of
The interaction of neurinos vith baryons has been mostigcc2 % ORI, SIC CTSRD PRI COch e <up
studied in cqnnectlon with the stability of .nuclel, but it also In this paper we present a study of the nuclear response
plays a crucial role in the thermal evolution of supernovagy,nction to weak interaction and the effects of short- and
and protoneutron stars, where the nuclear medium exhibitg,\ range correlations on the neutrino transport in neutron
quite d|st|nct|ve_phy3|cal fea_tl_Jres related to density, temperasiars. It is based on EOS predicted by the Brueckner theory
ture, and chemical composition. A large effort has been deapproach including relativistic effects and nucleonic reso-
voted to study the production of neutrinos via dirgt} or  nances. Recently this approach has made a step forward in
modified [2] URCA processes and, more recently, via thereproducing the empirical saturation properties of nuclear
bremsstrahlung of nucleons in the strong magnetic field ofnatter [21,4). The particle-holeNN residual interaction is
neutron starg3]. It has been shown that the direct URCA extracted from the Brueckner theory and cast in terms of the
processes are much more efficient for the cooling rate thahandau parameters. The response function to the neutrino
the modified URCA processd4] even though the latter are propagation is calculated first in the Brueckner-Hartree-Fock
enhanced by pion softeniri@]. In fact, the most recent mi- (BHF) limit, and then in the random phase approximation
croscopic calculation of the neutron matter equation of statéRPA) in neutron matter in3 equilibrium with protons and
(EOS is compatible with the occurrence of direct URCA €lectrons for various conditions of neutron density and tem-
processed], since, on one hand, the proton fraction thresh-perature. The neutrino mean free paiFP) is also calcu-
old for such processes is reached at rather low baryon densit§ted taking into account thiee, v;) scattering from nucleons
p~0.3 fmr2 and, on the other hand, the maximum mass of "d the(ve, €) charge-exchange process. In this work we
neutron star turns out to solving the hydrodynamic equa- discuss o_nly the,, case which is the most important one for
tion with the same EOSmuch larger than the previous the MFP issue.
value. We neglect in our calculation of the neutrino mean
free path events related to modified URCA processes, which
anyhow can be competitive in the first stage of the rapid
cooling of neutron stargl]. A neutron star, in the most simplified model, is made of
In the past simulation codes have incorporated the propaieutrons, protons, and electrons, and the relative abundance
gation of neutrinos in neutron matter mostly by using theis controlled by theg-equilibrium condition(the effect of
Fermi-gas model, whereas the effects of correlations did nanuons is negligible Under the condition of charge neutral-
receive the due consideration except in a few c@seg|. In ity, the proton fractionY,=Z/A is driven by the value of the
the recent years calculations of correlation effects have beesymmetry energy at a given total baryonic density. Here, we
performed, including phenomenological approaches withwill always consider nuclear matter jB equilibrium unless
Skyrme forces [8-10, microscopic Brueckner theory explicitly stated.
[6,7,11,12, and relativistic mean-field theorj13—2(J. On Our framework is the Brueckner-Bethe-GoldstgB8G)
the other hand, in order to reliably describe the correlationgpproach, where the perturbative expansion of the total en-
of nuclear matter in extreme conditions, one needs a welkkrgy per particleE, can be cast according to the number of
developed microscopic many-body theory, since not enoughole lines. The lowest order defines the Brueckner-Hartree-

II. NUCLEAR MATTER IN THE BHF APPROXIMATION
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Fock approximation, which exhibits a satisfactory conver- ' ' ' ' '

gence provided the continuous choice for the mean field is 3 AV,, + 3BF T

adopted22].

In recent years a remarkable step forward in the reproduc-
tion of the empirical saturation properties has been per-_ 27
formed including three-body forc€8BF) in the BBG theory
[21,4]. Their effect in fact is twofold: on one hand, it brings
the saturation density of nuclear matter close to the empiricalg
value; on the other hand, it provides the high-density strong 3
repulsive components. As a consequence the BHF approxi-;:‘z
mation has reached the level of a consistent description of a”
strongly correlated Fermi system in the region of saturation
density as well as in high-density regions. a4

A microscopic derivation of the full set d=0 Landau
parameters can be done, based on the BHF approximation, o 7. o, 03 04 oo 01 o2 03 04 o5
from the calculation of the energy per particle of nuclear o (fm™)
matter in different states of spin and isospin polarization.

Starting from unpolarized symmetric nuclear matter at a FG. 1. Landau parameters of symmetric nuclear matter with
given densityp, we may extend the calculation &, t0  2BF AV, (right) and the same plus 3Bfeft).
isospin density variationsSp,=(p,—p)/p and spin-isospin
density variationsdo,=(p,~p})/p,. The response of the sys- information onG, is not enough since spin resonances
tem is related to the second derivatives of the expansion diave only been observed with strength too small as com-
Ea pared to other collective modg¢&3]. Finally G is con-
1 strained by the Gamow-Teller giant resonance. A value of
Ea(p, 3pn, pp) = Ealp) + DD, 8p,5p,, (1) 1.2 at the saturation point has been determined with high
precision from the experimental excitation energy of the
Gamow-Teller resonance ofiNi [24]. The BHF predic-
1 tion of the Landau parameters is reported in Fig. 1. They
Ea(p, 60y, 80p) = Ea(p) + 52 I, .60.00,. (2)  have been obtained from a BHF calculation with the Ar-
' gonneAV;g [25] as two-body force(2BF) and a micro-
scopic three-body force which corrects the BHF approxi-
mation by relativistic effects and nucleonic virtual
excitations[26].

rameters

’
TT

These derivatives give thie=0 Landau parameters of the
residualNN interaction,

4N(0) The prediction of the Landau parameters for densities
Fo= F2n+ Fﬂp: —— (P + Py - 1, (3) other than the nuclear density is of great interest in the study
p of neutron stars. In connection with the strong magnetic

fields observed in neutron stars some authors have studied
Flop0 L0 - 4N(0) B - )1 4 the magnetic susceptibility in neutron matter and found that
0~ nn Tnp~ T( nn~ Pnp) = 1, (4) Gy reduces the susceptibility of the degenerate neutron gas
[27-30. This reduction is amplified at high density when
N(O) including 3BF either in Brueckner calculatioig9] or in
Go=G., + Ggp— —(an Top) -1, (5  Monte Carlo many-body simulatiorj&7].
P In this work it is assumed that the Landau parameters do
not change appreciably with temperature, which is certainly
) 0 0 N(0) a good approximation below the liquid-to-gas phase transi-
Go=Gnn=Gpp=——(Tin=Tnp - 1, (6)  tion (T,~18 MeV). This point will be discussed in more
P details in Sec. IV A.
whereN(0) is the level density at the Fermi surface. Note
that in our definitions, Eqs(3)—(6), the Landau param- IIl. INTERACTION OF NEUTRINOS WITH MATTER
eters are greater than those of other authors by a factor 2, ) . o )
for instance[24]. They are constrained by robust physical During their propagation in neutron-star matter neutrinos
observablesF, is in fact constrained by the compression experience collisions with nucleons via weak coupling with
modulus, whose value should range in the intervalthe nucleon neutral curreniy= ¥,7,(c]-CLys) . Neutrinos
230-250 MeV according to the experimental determinacan also disappear in the charge-exchange proegss
tion of the monopole giant resonance energy centrbjd. —€ +p and we also consider the coupling with charged cur-
is related to the symmetry energy, which at the saturatiomentsj,= z,//pyﬂ(gv 0aYs) ¥, giving rise to neutrino absorption.
density is reported about 30 MeV in the Bethe-WeiszackeiThe vector and axial coupling constants for neutral currents
mass formulaG, is related to the spin modes, which ac- arec; andc;, and for charged current andg, (a complete
tually are hardly observed in nuclei. So far experimentallist of the constants is given in Rg0]).
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The neutrino MFP\ is derived from the transport equa- should include the expansion up to the second order, the
tion latter being the so-called rearrangement t¢84j. Doing so,
c , ) D e the Hugenholtz—Van Hove theorem is fulfilled. Once the ap-
e E Wiilk=k)(L =nie) + Wei(k" = King,, - (7) proximation forS has been settled, the single-particle propa-
kl

gator takes the form

whereny is the occupation number of neutrinos aWg is p , 1 ,
‘ P " (P ) =0- 2 -S(p o) e~ —(0-e),  (13)

the transition probability corresponding to the individual G, om
processes under consideration. P
In the nonrelativistic limit the transition rate can be writ- where € is the single-particle energy

ten as[6,7,5 )

Wi = G2[(1 + cos )W, + (3 — cos)W,], (8) €= 2p_m +3(ep) — €F (14

whereG,, is the weak coupling constam,is the scattering ;- ) .
angle, andW, (W,) is the vector(axial) term. The transi- 2nd & Is the Fermi energy. The factorz;=[1

T _l . . . .
tion rates are expressed in terms of the nuclear structure(?>7dw)],=. is the quasiparticle strength associated to
the depletion of the occupation probability of the single-

H TT, H
functions §,. In the case of nucleon scattering the rela particle levele,. In the present study the rearrangement

tion is . S .
o e term will be neglected, which is not a too severe approxi-
Wo.a= E Cy,aCo,a 2 ©) mation since it does not affect the EOS at zero tempera-
nT ture and, consequently, the calculation of the Landau pa-
s 11 va rameters. At finite temperature it cannot be absolutely
Ss,a—_;ﬁqom Imy;~ (10 neglected, since the single-particle spectrum determines
the thermal Fermi functions and hence the EOS itself.
For the charge-exchange process the relation is The neutrino propagation is studied in the framework of
W= g2 CHl (11) the linear response theory. Lgt us first .discuss the BHF.Iimit
va - Svatva where there are no correlations coming from the residual
BN | 1 va interaction. The dynamical structure functions are related to
AT 1 Z eldot kT IMxpin- (12) the imaginary part of the retarded polarization or response

o . . function x'%,(d, go)=[Re+sgnayim1, (g, gp), T being
The quantityqy is the energy transfer andu is the shift the polarizétion function ,

between the neutron and proton chemical potentials. From
the previous equations we see that the structure functions

are, in turn, related to the response functiqnshich will 11'%,(4, qp) = - 2i J
be discussed in the following section. '

1 A3

do’ d°q’
27 (2m)°

+q'), (15

_ ) ~ where the propagators are calculated according to Egs.
The major part of the work needed to obtain the neutring13) and (14). One easily finds

MFP is in the calculation of the structure functions. These 7

GT(w’i Ci,)GT’(qO + w’1 q

IV. NUCLEAR RESPONSE FUNCTIONS

. ) ; 3 -
calculations can be performed at different levels of approxi- (0) (G, do) = - d°p 7777 Mo~ Nigeq
mation beyond the free Fermi-gas model. We will consider ~ Xn+'% % (27)3 PP - € - elr' \+i77.

P Flptg

first the BHF approximation, which already takes into ac-
count the strong short-range correlations via the mass renor- (16)
malization and the depletion of the Fermi surface; second ) i i ,
the particle-hole interaction will be taken into account in theAAccording to the previous discussion the thermal occupa-
RPA approximation. Since the ring diagram summation islion numbers

almost a prohibitive task with the Brueckn€& matrix, we 1

may approximate, in the low-frequency limit(kvg) <1, the n=—— (17)
G-matrix residual interaction by a Landau-Migdal form P 1 s el epikeT

whose parameters are extracted from the BHF theory as de- _ _
scribed in the preceding section. are calculated from the single-particle spectrum frozen at

T=0.
A. BHF response function

In the BBG approach the expansion of the self-energy B. RPA response function

> (p, w) can also be cast as a hole line expansion, but the In this section we study the effect of the residual particle-
lowest order in the self-energy expansion does not correhole interaction. As already anticipated, the residual interac-
spond to the lowest order in the expansion of the energy pdion will be described in terms of tHe=0 Landau parameters
particle. According to the Landau definition of the quasipar-discussed earlier. This makes it easier to calculate the re-
ticle energy, the BHF approximation for the self-energysponse function/R”A(q, qo) in the RPA limit.
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Let us first consider the nucleon scattering. In this case °°11
the RPA response function is given by the Bethe-Salpeter
equation in the X2 isospin space 0.0008

Im (T=0 MeV, g=1fm™) | Re (T=0 MeV, g=1fm”) |

Xo_nn*

=== Xopp™
WX07pn71

Xs= X(O) + X(O)L(S)XS! (18) 0.0000

where only the diagonal element§’) come into play and |
L(O),EFST, and L(Tli, EGST, are the matrix elements of the £

pérticle-hole residual interaction expressed by the Landaugo_oom
parametergsee Eqs(3)—(6)]. The S=0 (S=1) component 5 °%*]
is the vector(axial) part of the response function. <

In the case of charge-exchange processes the Bethe- °%1
Salpeter equation is a one-dimensional equation

Xs= Xph * XonM O xs, (19 o000 7

AV,4+3BF .
»=0.34 \
B=0.668

where MO =F), MO=G), and x is the off-diagonal 00006 |
matrix element of the BHF response function.

The structure functions are essentially given by the imagi- 006 | 1 i
nary part of the response functions, according to E#6) 20 a0 0 100 200 00 0 100 200
and(12). G (MeV)

FIG. 2. The uncorrelated response functions (far’) scatter-
ing on neutrongnn %, solid), on protongpp %, dash, and neutrino
The input data, namely the BHF mean field for tﬂg} absorption(pn‘l, dot). The imaginary. partleft pane) and the real
response functions and the Landau parameters for the RFR't(right pane} are plotted as functions of energy transfer. The
response functions, are obtained from a nonrelativistic BHF: ancjlmomentu_lm transfey are fixed at 0.34 fii?, 0.668, and
calculation of nuclear matter with the two-bod\W;g [25] 1.0 fm+, respectively. The upper and lower panels correspond to
and the microscopic 3BR6]. The temperature is set to zero, |~ 0 2ndT=20 MeV.
which is actually a good ap_prOX|mat|0n only below_ the_crltl- ation. The comparison emphasizes the dominance in ®oth
cal point, as already mentioned. The proton fraction is cal—n gndsS=1 channels of the absorption componeésge in-

culated from the symmetry energy extracted in the calculagets_ This effect is due to the, thresholdcompare Eq(10)

tion of isospin-asymmetric nuclear matter. f3¢0.34 TS, and Eq(12)] associated with the charge-exchange process as
Y,=0.077 without the 3BF, and/,=0.167 with the 3BF already discussed above.

(much larger than the threshold for direct URCA procegses  The resonant structure of all curves is due to the collective
Thus, the 3BF has a sizable effect'gp In a consistent finite  gycitations of the medium: zero sound in the case of the
temperature calculation the proton fraction can be eveRecior component and spin waves in protons and neutrons in
larger. _ . the case of the axial component.

The unperturbedBHF) response function, as described it the above response functions the neutrino MFP can

by Eq.(16), is plotted in Fig. 2 for different temperatures and pe eyaluated. The calculated MFP are shown as functions of
different processes. As it can be seen in the left panels

V. RESULTS AND DISCUSSION

(imaginary parts [x@(nnY)| is always greater than T T : T Tood
_ . . . 4 r |
IXQ(pp™Y)|. This effect, which arises from the small proton R I 0% T o0z T
. . | -0.04 I o
fraction, i.e., large asymmetry parameter 10 o IO -
i - i :
N-Z 0.001 |I l'\‘ 086550 6 50 !! “ 000866550 6 50
= i\ i
B A i i \’_x,

in neutron stars and small&f compared tdz, from BHF
calculations, gives larger scattering probability fefn
—v+n and, consequently, shorter neutrino MFP. The re-
sponse function related to scattering contributes to the ]
neutrino MFP essentially fogy=0 whereas the one re- ogop.| #7034 A= 088
lated to absorption contributes fap= (u,~u,). It also R e
shows that the response function only depends softly on — T T —T T T
. . -100 -50 0 50 100 -50 0 50 100

the temperature, at least in tie0 Brueckner approxima- o (MeV)
tion, since the temperature appears only throngh

Figure 3 shows the imaginary part of the RPA response F|G. 3. Imaginary parts of RPA response functions. The vector
function as calculated from the Landau parameters with SBEomponents(left pane) and the axial-vector componentsight
included. Here, we show the vecideft side) and axialright  pane) are plotted as a function of energy transfer for fixed nucle-
side) components for the three isospin channels in considersnic density, temperature, and momentum transfer.

ImXTFA) (Mev™ fm™)

-0.001 4 Vector part

P E— x_nn(scatt.)

------ X_pp(scatt.)
[ X_Np(scatt.)
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FIG. 5. Neutrino MFP vs temperaturgeft) and vs neutrino
energy(right). The solid line is for neutrino absorption and dashed
line for neutrino scattering. The valuespéndg are 0.34 fm® and
0.668, respectively.

FIG. 4. Neutrino MFP for scatterindeft pane) and absorption
(right pane). Solid (dashegl lines: RPA with(without) 3BF; dotted
(dash-dottegllines: BHF with(without) 3BF; dash-dot-dotted lines:
free Fermi-gas model. The temperatdreand neutrino energ¥,
are fixed to 20 MeV and 40 MeV, respectively.

decreases by a factor 30 frofe5 MeV to T=60 MeV while
the density in Fig. 4 for neutral current process on the leffor the neutrino absorption process this factor is only 2.5. In
side and charged current process on the right SidendE,  the right side of Fig. 5 thé&, dependence is also depicted.
are fixed to 20 MeV and 40 MeV, respectively, agdis We just note that the ratio between scattering and absorption
fixed according tq8 equilibrium for each density and differ- MFP is almost constant.
ent approximations. In order to see the different effects from
the scattering process and absorption process, we divide the
neutrino MFP into two partskg.. for scattering procegseft
pane) and Agpsorp, fOor neutrino absorption procesgight
pane). Then, the final neutrino MFP 5=\, Nzpsorp) -

VI. COMPARISON WITH OTHER APPROACHES
AND CONCLUSIONS

soatt T Nabsorn) The nuclear response function and the neutrino MFP in
Comparing the left and right panels, we get the first messagg-equilibrium nuclear matter have been calculated on the
that the neutrino MFP caused by the neutrino absorption isne hand in the BHF mean-field approximation, and on the
much smaller than that caused by neutrino scattering. This isther hand in the RPA using a Landau-Migdal residual inter-
a well-known effect which is due to two reasons, as noticedaction to evaluate the effects of long-range correlations.
by Reddyet al. [8]. First, the absorption transition probabil- Mean fields and residual interaction have been obtained
ity is four times the scattering transition probability; second,within the nonrelativistic Brueckner-Hartree-Fock theory.
the absorption rate is controlled by the electron chemicallhe two-bodyNN potential has been supplemented by a mi-
potential while the scattering is controlled by the neutrinocroscopic three-body potential, which takes into account
chemical potential. The inclusion of RPA correlations in therelativistic effects and also nucleonic excitations. From the
structure functions has the effect of reducing the phase spaggesent calculations one may conclude that the reduction of
available for scattering and the MFP turns out to be substarthe neutrino MFP in the limit of the BHF mean field is much
tially increased compared to the free Fermi-gas model antess pronounced than in the Fermi-gas model when going
also to the BHF model, the latter only at high density. Ac-from low to high density. This reveals the important role of
cording to Ref.[4], the proton fraction in neutron stars in- the short-range correlations incorporated in the BHF nucleon
creases dramatically at higher densities when the 3BF is inpropagators. In addition, the effects of the residual particle-
cluded. This affects the behavior of the neutrino MFP in bothhole interaction have also a deep influence on the neutrino
scattering and absorption processes: the neutrino MFP irransport inB-equilibrium nuclear matter, resulting in a size-
creases with increasing density, especially for the neutrinable enhancement of the neutrino MFP. This result confirms
absorption process. This is related to the fact that with dethe conclusion of a previous calculation of neutrino MFP in
creasingp, the proton Fermi energy increases and then thgure neutron mattdrll]. At high density this effect is mag-
reactionv.+tn—e +p has a smaller cross section. nified in the absorption channel by the intense repulsive

Since the temperature in the medium drops out rapidly irthree-body force.

the protoneutron star, it is interesting to show the relation Since the interaction is poorly known at densities of in-
between neutrino MFP and temperature. In Figleit) we  terest in neutron star physics, the comparison with other ap-
plot the neutrino MFP as a function of temperature vgit|s, proaches is difficult and leads often to contradictory predic-
andE, fixed at 0.34 fm3, 0.668, and 40 MeV, respectively. tions. Among the nonrelativistic calculations we should
One can see the different behavior of the scattering and alguote the pioneering results by Burrows and Sawged]. In
sorption MFP wherT increases. For the scattering process, spite of using a different set of Landau parametanspar-
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ticular Gp=0) the main features of neutrino MFP they pre- lations. In one casfglL5] the reduction of the scattering rate is
dicted are in good agreement with ours. In particular, theyestimated about 10—15 %, in oth¢&14] the effect is much
found an increase of, by up to one order of magnitude with Stronger.

increasing density as an overall effect of medium correla- A general conclusion is that the neutrino MFP is very
tions, and a similar temperature dependence. In the recefENSitive to the EOS of nuclear matter in all aspects and it
work of Margueronet al. [12] the emphasis is put on tem- must be calculated as much as possﬂgle consistently with the
perature effects in the calculation of MFP based on BHF an OS. It could also be sensitive 1o pions or other mesons,

RPA but the 3BF | d and the i i hich do not affect directly the EOS, if their corrections are
_ ut the Is not treated and the important contribu;p, o, qed in the response functié2]. The competition with
tion to the MFP due to neutrino absorption is not calculated

s ] g ) modified URCA processes at low temperature is still an open
It is also found that the scattering MFP including RPA Cor- question, since we do not know to what extent the MFP
relations does increase with density, similar to our presenpased on the latter procesg@8] is quenched by RPA cor-
results. relations. Finally, we should mention a serious drawback of

Nonrelativistic phenomenological approachd8-10  most calculations, which is the temperature dependence of
manifest an opposite trend: the RPA neutrino MFP isthe effective interaction. A typical value of temperature of
quenched by the density increase. In fact, the residual intembout 20 MeV maybe is large for neglecting the effects of
action in the spin channel instead of slowly increasing athermal excitations of the medium on the in-medium inter-
high density, decreases and finally becomes attractive. Thigction, for instance th& matrix in the Brueckner approach.
explains also the prediction of a ferromagnetic transition in  In conclusion, our calculation predicts a quenching of the
phenomenological approaches. opacity of nuclear matter to the neutrino propagation and

Relativistic approaches lead to an enhancement of ththen provides the quantitative basis to estimate the energy
neutrino MFP when including the interaction effects in RPArelease in the supernovae explosions and the rapid cooling of
even if some disagreement still exists among different calcua protoneutron star.
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