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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 matter inb equilibrium 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

The interaction of neutrinos with baryons has been mostly
studied in connection with the stability of nuclei, but it also
plays a crucial role in the thermal evolution of supernovae
and protoneutron stars, where the nuclear medium exhibits
quite distinctive physical features related to density, tempera-
ture, and chemical composition. A large effort has been de-
voted to study the production of neutrinos via direct[1] or
modified [2] URCA processes and, more recently, via the
bremsstrahlung of nucleons in the strong magnetic field of
neutron stars[3]. It has been shown that the direct URCA
processes are much more efficient for the cooling rate than
the modified URCA processes[1] even though the latter are
enhanced by pion softening[2]. In fact, the most recent mi-
croscopic calculation of the neutron matter equation of state
(EOS) is compatible with the occurrence of direct URCA
processes[4], since, on one hand, the proton fraction thresh-
old for such processes is reached at rather low baryon density
r<0.3 fm−3 and, on the other hand, the maximum mass of a
neutron star turns out to be(solving the hydrodynamic equa-
tion with the same EOS) much larger than the previous
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 stars[1].

In the past simulation codes have incorporated the propa-
gation of neutrinos in neutron matter mostly by using the
Fermi-gas model, whereas the effects of correlations did not
receive the due consideration except in a few cases[5–7]. In
the recent years calculations of correlation effects have been
performed, including phenomenological approaches with
Skyrme forces [8–10], microscopic Brueckner theory
[6,7,11,12], and relativistic mean-field theory[13–20]. On
the other hand, in order to reliably describe the correlations
of nuclear matter in extreme conditions, one needs a well
developed microscopic many-body theory, since not enough

experimental constraints exist so far in a so wide range of
density, temperature, and isospin asymmetry which are sup-
posed to occur in the present neutron-star models.

In this paper we present a study of the nuclear response
function to weak interaction and the effects of short- and
long-range correlations on the neutrino transport in neutron
stars. It is based on EOS predicted by the Brueckner theory
approach including relativistic effects and nucleonic reso-
nances. Recently this approach has made a step forward in
reproducing the empirical saturation properties of nuclear
matter [21,4]. The particle-holeNN residual interaction is
extracted from the Brueckner theory and cast in terms of the
Landau parameters. The response function to the neutrino
propagation is calculated first in the Brueckner-Hartree-Fock
(BHF) limit, and then in the random phase approximation
(RPA) in neutron matter inb equilibrium with protons and
electrons for various conditions of neutron density and tem-
perature. The neutrino mean free path(MFP) is also calcu-
lated taking into account thesne, ne8d scattering from nucleons
and thesne, e−d charge-exchange process. In this work we
discuss only thene case which is the most important one for
the MFP issue.

II. NUCLEAR MATTER IN THE BHF APPROXIMATION

A neutron star, in the most simplified model, is made of
neutrons, protons, and electrons, and the relative abundance
is controlled by theb-equilibrium condition(the effect of
muons is negligible). Under the condition of charge neutral-
ity, the proton fractionYp=Z/A is driven by the value of the
symmetry energy at a given total baryonic density. Here, we
will always consider nuclear matter inb equilibrium unless
explicitly stated.

Our framework is the Brueckner-Bethe-Goldstone(BBG)
approach, where the perturbative expansion of the total en-
ergy per particleEA can be cast according to the number of
hole lines. The lowest order defines the Brueckner-Hartree-
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Fock approximation, which exhibits a satisfactory conver-
gence provided the continuous choice for the mean field is
adopted[22].

In recent years a remarkable step forward in the reproduc-
tion of the empirical saturation properties has been per-
formed including three-body forces(3BF) 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 empirical
value; on the other hand, it provides the high-density strong
repulsive components. As a consequence the BHF approxi-
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.

A microscopic derivation of the full set ofl=0 Landau
parameters can be done, based on the BHF approximation,
from the calculation of the energy per particle of nuclear
matter in different states of spin and isospin polarization.
Starting from unpolarized symmetric nuclear matter at a
given densityr, we may extend the calculation ofEA to
isospin density variationsdrt=srt−rd/r and spin-isospin
density variationsdst=srt

↑−rt
↓d/rt. The response of the sys-

tem is related to the second derivatives of the expansion of
EA,

EAsr, drn, drpd = EAsrd +
1

2o
tt8

Ft,t8drtdrt8, s1d

EAsr, dsn, dspd = EAsrd +
1

2o
tt8

Gt,t8dstdst8. s2d

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

F0 = Fnn
0 + Fnp

0 =
4Ns0d

r
sFnn + Fnpd − 1, s3d

F08 = Fnn
0 − Fnp

0 =
4Ns0d

r
sFnn − Fnpd − 1, s4d

G0 = Gnn
0 + Gnp

0 =
4Ns0d

r
sGnn + Gnpd − 1, s5d

G08 = Gnn
0 − Gnp

0 =
4Ns0d

r
sGnn − Gnpd − 1, s6d

whereNs0d is the level density at the Fermi surface. Note
that in our definitions, Eqs.s3d–s6d, the Landau param-
eters are greater than those of other authors by a factor 2,
for instancef24g. They are constrained by robust physical
observables.F0 is in fact constrained by the compression
modulus, whose value should range in the interval
230–250 MeV according to the experimental determina-
tion of the monopole giant resonance energy centroid.F08
is related to the symmetry energy, which at the saturation
density is reported about 30 MeV in the Bethe-Weiszacker
mass formula.G0 is related to the spin modes, which ac-
tually are hardly observed in nuclei. So far experimental

information on G0 is not enough since spin resonances
have only been observed with strength too small as com-
pared to other collective modesf23g. Finally G08 is con-
strained by the Gamow-Teller giant resonance. A value of
1.2 at the saturation point has been determined with high
precision from the experimental excitation energy of the
Gamow-Teller resonance on90Ni f24g. The BHF predic-
tion of the Landau parameters is reported in Fig. 1. They
have been obtained from a BHF calculation with the Ar-
gonne AV18 f25g as two-body forces2BFd and a micro-
scopic three-body force which corrects the BHF approxi-
mation by relativistic effects and nucleonic virtual
excitationsf26g.

The prediction of the Landau parameters for densities
other than the nuclear density is of great interest in the study
of neutron stars. In connection with the strong magnetic
fields observed in neutron stars some authors have studied
the magnetic susceptibility in neutron matter and found that
G0 reduces the susceptibility of the degenerate neutron gas
[27–30]. This reduction is amplified at high density when
including 3BF either in Brueckner calculations[29] or in
Monte Carlo many-body simulations[27].

In this work it is assumed that the Landau parameters do
not change appreciably with temperature, which is certainly
a good approximation below the liquid-to-gas phase transi-
tion sTc<18 MeVd. This point will be discussed in more
details in Sec. IV A.

III. INTERACTION OF NEUTRINOS WITH MATTER

During their propagation in neutron-star matter neutrinos
experience collisions with nucleons via weak coupling with
the nucleon neutral currentsjm=ctgmscv

t −ca
tg5dct. Neutrinos

can also disappear in the charge-exchange processne+n
→e−+p and we also consider the coupling with charged cur-
rentsjm=cpgmsgv−gag5dcn giving rise to neutrino absorption.
The vector and axial coupling constants for neutral currents
arecv

t andca
t, and for charged currentsgv andga (a complete

list of the constants is given in Ref.[9]).
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FIG. 1. Landau parameters of symmetric nuclear matter with
2BF AV18 (right) and the same plus 3BF(left).
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The neutrino MFPl is derived from the transport equa-
tion

c

lkW
= o

kW8

Wfisk − k8ds1 − nkW8d + Wfisk8 − kdnkW8, s7d

wherenkW is the occupation number of neutrinos andWfi is
the transition probability corresponding to the individual
processes under consideration.

In the nonrelativistic limit the transition rate can be writ-
ten as[6,7,5]

Wfi = Gw
2fs1 + cosudWv + s3 − cosudWag, s8d

whereGw is the weak coupling constant,u is the scattering
angle, andWv sWad is the vectorsaxiald term. The transi-
tion rates are expressed in terms of the nuclear structure

functionsSv,a
tt8. In the case of nucleon scattering the rela-

tion is
Wv,a = o

t,t8

cv,a
t cv,a

t8 Sv,a
tt8, s9d

Sv,a
tt8 = −

1

p

1

1 − eq0/kT Imxt,t8
v,a . s10d

For the charge-exchange process the relation is

Wv,a = gv,a
2 Sv,a

pn , s11d

Sv,a
tt8 = −

1

p

1

1 − esq0+dmd/kT Imxp,n
v,a. s12d

The quantityq0 is the energy transfer anddm is the shift
between the neutron and proton chemical potentials. From
the previous equations we see that the structure functions
are, in turn, related to the response functionsx which will
be discussed in the following section.

IV. NUCLEAR RESPONSE FUNCTIONS

The major part of the work needed to obtain the neutrino
MFP is in the calculation of the structure functions. These
calculations can be performed at different levels of approxi-
mation beyond the free Fermi-gas model. We will consider
first the BHF approximation, which already takes into ac-
count the strong short-range correlations via the mass renor-
malization and the depletion of the Fermi surface; second,
the particle-hole interaction will be taken into account in the
RPA approximation. Since the ring diagram summation is
almost a prohibitive task with the BruecknerG matrix, we
may approximate, in the low-frequency limitv/skvFd!1, the
G-matrix residual interaction by a Landau-Migdal form
whose parameters are extracted from the BHF theory as de-
scribed in the preceding section.

A. BHF response function

In the BBG approach the expansion of the self-energy
Stsp, vd can also be cast as a hole line expansion, but the
lowest order in the self-energy expansion does not corre-
spond to the lowest order in the expansion of the energy per
particle. According to the Landau definition of the quasipar-
ticle energy, the BHF approximation for the self-energy

should include the expansion up to the second order, the
latter being the so-called rearrangement term[31]. Doing so,
the Hugenholtz–Van Hove theorem is fulfilled. Once the ap-
proximation forS has been settled, the single-particle propa-
gator takes the form

Gt
−1sp, vd = v −

p2

2m
− Stsp, vd + eF

t <
1

Zp
t sv − ep

td, s13d

whereep
t is the single-particle energy

ep
t =

p2

2m
+ Ssepd − eF

t s14d

and eF
t is the Fermi energy. The factorZp

t =f1
−s]St/]vdgv=ep

−1 is the quasiparticle strength associated to
the depletion of the occupation probability of the single-
particle levelep. In the present study the rearrangement
term will be neglected, which is not a too severe approxi-
mation since it does not affect the EOS at zero tempera-
ture and, consequently, the calculation of the Landau pa-
rameters. At finite temperature it cannot be absolutely
neglected, since the single-particle spectrum determines
the thermal Fermi functions and hence the EOS itself.

The neutrino propagation is studied in the framework of
the linear response theory. Let us first discuss the BHF limit
where there are no correlations coming from the residual
interaction. The dynamical structure functions are related to
the imaginary part of the retarded polarization or response
function x

t,t8
s0d sqW, q0d=fRe+isgnsq0dImgP

t,t8
s0d sqW, q0d, Ps0d being

the polarization function

Pt,t8
s0d sqW, q0d = − 2i E dv8

2p

d3q8

s2pd3Gtsv8, qW8dGt8sq0 + v8, qW

+ qW8d, s15d

where the propagators are calculated according to Eqs.
s13d and s14d. One easily finds

xt,t8
s0d sqW, q0d = −E d3p

s2pd3Zp
tZupW+qW u

t8
np

t − nupW+qW u
t8

q0 − ep
t − eupW+qW u

t8 + ih
.

s16d

According to the previous discussion the thermal occupa-
tion numbers

np
t =

1

1 + esep
t−eF

t d/kBT
s17d

are calculated from the single-particle spectrum frozen at
T=0.

B. RPA response function

In this section we study the effect of the residual particle-
hole interaction. As already anticipated, the residual interac-
tion will be described in terms of thel=0 Landau parameters
discussed earlier. This makes it easier to calculate the re-
sponse functionxsRPAdsqW, q0d in the RPA limit.
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Let us first consider the nucleon scattering. In this case
the RPA response function is given by the Bethe-Salpeter
equation in the 232 isospin space

xS= xs0d + xs0dLsSdxS, s18d

where only the diagonal elementsxt,t
s0d come into play and

L
t,t8
s0d ;Ft,t8

0 andL
t,t8
s1d ;Gt,t8

0 are the matrix elements of the
particle-hole residual interaction expressed by the Landau
parametersfsee Eqs.s3d–s6dg. The S=0 sS=1d component
is the vectorsaxiald part of the response function.

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

xS= xp,n
s0d + xp,n

s0dMsSdxS, s19d

where Ms0d;F08, Ms1d;G08, and xpn
s0d is the off-diagonal

matrix element of the BHF response function.
The structure functions are essentially given by the imagi-

nary part of the response functions, according to Eqs.(10)
and (12).

V. RESULTS AND DISCUSSION

The input data, namely the BHF mean field for thexs0d

response functions and the Landau parameters for the RPA
response functions, are obtained from a nonrelativistic BHF
calculation of nuclear matter with the two-bodyAV18 [25]
and the microscopic 3BF[26]. The temperature is set to zero,
which is actually a good approximation only below the criti-
cal point, as already mentioned. The proton fraction is cal-
culated from the symmetry energy extracted in the calcula-
tion of isospin-asymmetric nuclear matter. Forr=0.34 fm−3,
Yp=0.077 without the 3BF, andYp=0.167 with the 3BF
(much larger than the threshold for direct URCA processes).
Thus, the 3BF has a sizable effect onYp. In a consistent finite
temperature calculation the proton fraction can be even
larger.

The unperturbed(BHF) response function, as described
by Eq.(16), is plotted in Fig. 2 for different temperatures and
different processes. As it can be seen in the left panels
(imaginary parts), uxs0dsnn−1du is always greater than
uxs0dspp−1du. This effect, which arises from the small proton
fraction, i.e., large asymmetry parameter

b ;
N − Z

A

in neutron stars and smallerZk
p compared toZk

n from BHF
calculations, gives larger scattering probability forn+n
→n+n and, consequently, shorter neutrino MFP. The re-
sponse function related to scattering contributes to the
neutrino MFP essentially forq0ù0 whereas the one re-
lated to absorption contributes forq0ù smp−mnd. It also
shows that the response function only depends softly on
the temperature, at least in theT=0 Brueckner approxima-
tion, since the temperature appears only throughnk

t.
Figure 3 shows the imaginary part of the RPA response

function as calculated from the Landau parameters with 3BF
included. Here, we show the vector(left side) and axial(right
side) components for the three isospin channels in consider-

ation. The comparison emphasizes the dominance in bothS
=0 andS=1 channels of the absorption component(see in-
sets). This effect is due to theq0 threshold[compare Eq.(10)
and Eq.(12)] associated with the charge-exchange process as
already discussed above.

The resonant structure of all curves is due to the collective
excitations of the medium: zero sound in the case of the
vector component and spin waves in protons and neutrons in
the case of the axial component.

With the above response functions the neutrino MFP can
be evaluated. The calculated MFP are shown as functions of

-200 -100 0 100 200

Re (T=20 MeV, q=1fm−1)

-200 -100 0 100

-0.0016

-0.0008

0.0000

0.0008

0.0016
Im (T=20 MeV, q=1fm−1)

Re (T=0 MeV, q=1fm−1)

-0.0016

-0.0008

0.0000

0.0008

0.0016
Im (T=0 MeV, q=1fm−1)

χ0_nn−1

χ0_pp−1

χ0_pn−1

AV18+3BF
ρ = 0.34
β = 0.668

q0 (MeV)

χ(0
)
(M

eV
−1

fm
−3

)
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the density in Fig. 4 for neutral current process on the left
side and charged current process on the right side.T andEn

are fixed to 20 MeV and 40 MeV, respectively, andb is
fixed according tob equilibrium for each density and differ-
ent approximations. In order to see the different effects from
the scattering process and absorption process, we divide the
neutrino MFP into two parts:lscatt.for scattering process(left
panel) and labsorp. for neutrino absorption process(right
panel). Then, the final neutrino MFP isl=slscatt.

−1 +labsorp.
−1 d−1.

Comparing the left and right panels, we get the first message
that the neutrino MFP caused by the neutrino absorption is
much smaller than that caused by neutrino scattering. This is
a well-known effect which is due to two reasons, as noticed
by Reddyet al. [8]. First, the absorption transition probabil-
ity is four times the scattering transition probability; second,
the absorption rate is controlled by the electron chemical
potential while the scattering is controlled by the neutrino
chemical potential. The inclusion of RPA correlations in the
structure functions has the effect of reducing the phase space
available for scattering and the MFP turns out to be substan-
tially increased compared to the free Fermi-gas model and
also to the BHF model, the latter only at high density. Ac-
cording to Ref.[4], the proton fraction in neutron stars in-
creases dramatically at higher densities when the 3BF is in-
cluded. This affects the behavior of the neutrino MFP in both
scattering and absorption processes: the neutrino MFP in-
creases with increasing density, especially for the neutrino
absorption process. This is related to the fact that with de-
creasingb, the proton Fermi energy increases and then the
reactionne+n→e−+p has a smaller cross section.

Since the temperature in the medium drops out rapidly in
the protoneutron star, it is interesting to show the relation
between neutrino MFP and temperature. In Fig. 5(left) we
plot the neutrino MFP as a function of temperature withr, b,
andEn fixed at 0.34 fm−3, 0.668, and 40 MeV, respectively.
One can see the different behavior of the scattering and ab-
sorption MFP whenT increases. For the scattering process,l

decreases by a factor 30 fromT=5 MeV toT=60 MeV while
for the neutrino absorption process this factor is only 2.5. In
the right side of Fig. 5 theEn dependence is also depicted.
We just note that the ratio between scattering and absorption
MFP is almost constant.

VI. COMPARISON WITH OTHER APPROACHES
AND CONCLUSIONS

The nuclear response function and the neutrino MFP in
b-equilibrium nuclear matter have been calculated on the
one hand in the BHF mean-field approximation, and on the
other hand in the RPA using a Landau-Migdal residual inter-
action to evaluate the effects of long-range correlations.
Mean fields and residual interaction have been obtained
within the nonrelativistic Brueckner-Hartree-Fock theory.
The two-bodyNN potential has been supplemented by a mi-
croscopic three-body potential, which takes into account
relativistic effects and also nucleonic excitations. From the
present calculations one may conclude that the reduction of
the neutrino MFP in the limit of the BHF mean field is much
less pronounced than in the Fermi-gas model when going
from low to high density. This reveals the important role of
the short-range correlations incorporated in the BHF nucleon
propagators. In addition, the effects of the residual particle-
hole interaction have also a deep influence on the neutrino
transport inb-equilibrium nuclear matter, resulting in a size-
able enhancement of the neutrino MFP. This result confirms
the conclusion of a previous calculation of neutrino MFP in
pure neutron matter[11]. At high density this effect is mag-
nified in the absorption channel by the intense repulsive
three-body force.

Since the interaction is poorly known at densities of in-
terest in neutron star physics, the comparison with other ap-
proaches is difficult and leads often to contradictory predic-
tions. Among the nonrelativistic calculations we should
quote the pioneering results by Burrows and Sawyer[6,7]. In
spite of using a different set of Landau parameters(in par-
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ticular G0=0) the main features of neutrino MFP they pre-
dicted are in good agreement with ours. In particular, they
found an increase ofln by up to one order of magnitude with
increasing density as an overall effect of medium correla-
tions, and a similar temperature dependence. In the recent
work of Margueronet al. [12] the emphasis is put on tem-
perature effects in the calculation of MFP based on BHF and
RPA but the 3BF is not treated and the important contribu-
tion to the MFP due to neutrino absorption is not calculated.
It is also found that the scattering MFP including RPA cor-
relations does increase with density, similar to our present
results.

Nonrelativistic phenomenological approaches[8–10]
manifest an opposite trend: the RPA neutrino MFP is
quenched by the density increase. In fact, the residual inter-
action in the spin channel instead of slowly increasing at
high density, decreases and finally becomes attractive. This
explains also the prediction of a ferromagnetic transition in
phenomenological approaches.

Relativistic approaches lead to an enhancement of the
neutrino MFP when including the interaction effects in RPA
even if some disagreement still exists among different calcu-

lations. In one case[15] the reduction of the scattering rate is
estimated about 10–15 %, in others[8,14] the effect is much
stronger.

A general conclusion is that the neutrino MFP is very
sensitive to the EOS of nuclear matter in all aspects and it
must be calculated as much as possible consistently with the
EOS. It could also be sensitive to pions or other mesons,
which do not affect directly the EOS, if their corrections are
included in the response function[32]. The competition with
modified URCA processes at low temperature is still an open
question, since we do not know to what extent the MFP
based on the latter processes[33] is quenched by RPA cor-
relations. Finally, we should mention a serious drawback of
most calculations, which is the temperature dependence of
the effective interaction. A typical value of temperature of
about 20 MeV maybe is large for neglecting the effects of
thermal excitations of the medium on the in-medium inter-
action, for instance theG matrix in the Brueckner approach.

In conclusion, our calculation predicts a quenching of the
opacity of nuclear matter to the neutrino propagation and
then provides the quantitative basis to estimate the energy
release in the supernovae explosions and the rapid cooling of
a protoneutron star.
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