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Abstract. The contribution of A-hyperons to neutrino scattering rates is calculated in the random phase
approximation in a model where the interaction is described by a Skyrme potential. Finite temperature and
neutrino trapping are taken into account in view of applications to the deleptonization stage of protoneutron
star cooling. The hyperons can remove the problem of ferromagnetic instability common to (nearly) all
Skyrme parametrizations of the nucleon-nucleon interaction. As a consequence, there is not any longer a
pole at the transition in the neutrino-baryon cross-section. However there still remains an enhancement in
this region. In the absence of ferromagnetism the mean free path in npA matter is reduced compared to its
value in np matter as a consequence of the presence of this additional degree of freedom. At high density
the results are very sensitive to the choice of the A-A interaction.

PACS. 26.60.4c Nuclear matter aspects of neutron stars — 25.30.Pt Neutrino scattering — 21.60.Jz Hartree-

Fock and random-phase approximations

1 Introduction

During and shortly after the collapse of a supernova, a
copious amount of neutrinos is produced. The hope that
these neutrinos could permit a successful explosion in nu-
merical simulations through the Wilson (delayed) mech-
anism, together with the increase of available computa-
tional power, has triggered an important effort in design-
ing a new generation of computer codes. The Boltzmann
equation for neutrino transport can now be solved si-
multaneously with the equations for the hydrodynamical
evolution of the supernova explosion (see, e.g., [1]). The
differential cross-section for the various neutrino produc-
tion, absorption and scattering processes is a key input
in the Boltzmann equation. These calculations also yield
the spectral characteristics of the corresponding neutrino
burst, which are now well within the reach of modern
detectors. Although the current picture is that neutrinos
alone are not enough to prevent shock stall, but 3-D fluid
flow with convection is also necessary, the solution of the
Boltzmann equation still seems to be an unavoidable re-
quirement of a supernova explosion simulation. It is there-
fore necessary to have as good as possible a description of
the neutrino interaction with matter and of the influence
of medium effects, chemical composition and temperature
on this data.
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The neutrino-nucleon cross-section and the influence
of nuclear correlations on this parameter in the central
protoneutron star have been estimated by several au-
thors both in relativistic and nonrelativistic models [2-13].
While it is generally found in relativistic models that
medium effects tend to reduce the scattering rate, the
findings from nonrelativistic models are less clear cut. The
nonrelativistic calculations on the other hand have been
performed with a greater variety of assumptions as to the
nature of nuclear correlations taken into consideration as
the relativistic ones.

A key issue is whether a ferromagnetic instability is ex-
cited at high density. In this case it would appear as a pole
in the neutrino-nucleon cross-section when the nuclear cor-
relations are calculated in the random phase approxima-
tion [10,11]. Such a feature is commonly observed when
the nuclear interaction is described by a Skyrme force.
It has been traced to the exchange (Fock) term. A ferro-
magnetic transition is actually also possible in relativistic
models [14,15] treated in the Hartree-Fock approximation.
A relativistic calculation of neutrino-nucleon scattering at
the RPA level and including exchange terms however has
yet to be performed. Then again in nonrelativistic mod-
els the susceptibility has been found to increase and a
ferromagnetic state to be energetically unfavourable in re-
cent calculations where the nuclear interaction is extracted
from Brueckner-Hartree-Fock calculations [12,13].
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At later times hyperons begin to appear and affect the
luminosities as well as the equation of state [16]. One can
hope to detect the tail of this neutrino burst (between 20
and 50 seconds after the beginning of the signal), which
corresponds to the cooling of the still hot but partially
deleptonized protoneutron star. In these later stages the
diffusion equation is thought to be a good approximation,
the neutrino dynamics then enter in the mean free path.
After ~ 50 s, the neutron star has cooled to temperatures
of the order of 1 MeV and achieved full deleptonization,
i.e. the neutrinos are no longer trapped. It then enters in
a long cooling phase. The mean free path is no longer the
relevant parameter; instead, the available cooling codes
need as an input the neutrino emissivity.

The aim of this work is to assess the relevance of the
hyperonic degree of freedom on the neutrino interaction
with neutron star matter with a simple description of the
interactions, before appealing to the heavier machinery of
microscopical description through the Brueckner-Hartree-
Fock calculations or taking into account the relativistic
effects. We have chosen for this purpose the Skyrme in-
teraction parametrized by Lanskoy el al. [17-19]. This de-
scription includes the A-hyperons with parameters fitted
with the available data on hypernuclei. It is also able to
give a description of neutron stars in agreement with the
results of more refined models [20].

Our model is described in sect. 2 with a presentation
of the chosen Skyrme parametrizations in sects. 2.1-2.3
and of the necessary formalism for the calculation of the
cross-section in sect. 2.4. Section 2.5 discusses the in-
fluence of hyperons on a possible ferromagnetic instabil-
ity and sect. 3 gives an estimate of the evolution of the
hyperon fraction during the deleptonization of the pro-
toneutron star. We then present results for the vector and
axial response functions and differential cross-section in
sect. 4.1 and for the mean free path in protoneutron star
matter in sect. 4.2. Section 5 summarizes the main results
and gives a brief discussion of how the model could be
improved.

2 Formalism
2.1 Skyrme forces

Besides the usual parameterization of the nucleon-nucleon
interaction

VNN(TI — ’r‘g) =t (1 =+ QJQPU)(S(’/‘l — 7’2)
1
+§t1 (1+z1P,) [k’2 O(r1 —ra) +0(r1 —ra) kz]
+to (1 + $2PU)]€/(5(7‘1 — 7‘2) k

1 r+r
+6t3(1+$3Pa)P%( ! 2

) §(r1 —ra), (1)

we use the following Lambda-nucleon and Lambda-
Lambda potentials as suggested, e.g., by Lanskoy

The European Physical Journal A

et al. [17,18]:

VNa(ry —ra) = uo (1 4+ yoPy)0(rn — 74)
—|—%u1 (K% 6(ry —ra) +6(ry —7a) K]
tug k' S(ry —ra)k
+§u3 (1+ysPs) o (

Vaa(rs —re) = Agd(r1 — r2)
+%)\1 [K'% 6(r1 — 1) 4+ 8(r1 — 1r2) k7]
Ao k' 6(r1 —12) k4 A3 pap) - (3)

N +7TA

5 )5(7“1\/—7"/1), (2)

(We haved dropped in these expressions the spin-orbit
terms which will not be used in the remainder of this pa-
per.)

While this model only includes the A-hyperon, and
would seem less complete than, e.g., the model of Bal-
berg and Gal [21] which includes all the hyperons, we
fixed our choice on the former because these authors
provide the two-particle potential. This permitted us to
derive the Landau parameters for the spin-1 as well as
for the spin-0 channels. The Landau parameters in the
spin-1 channel are namely necessary for the calculation
of the axial structure function in the RPA approxima-
tion. By contrast, Balberg and Gal [21] give directly a
parametrization of the (unpolarized) energy density func-
tional. This parametrization can therefore only be used
in the mean-field approximation. While thermodynamical
relationships can give access to the Landau parameters in
the spin-0 channel, we have no way of determining those
of the spin-1 channel. Since the axial structure function is
known to give the dominant contribution to the neutrino
cross-section, this precludes the use of the model of Bal-
berg in the RPA approximation. We will nevertheless use
the model of Balberg and Gal at the mean-field level in
order to estimate the error committed by neglecting other
hyperons and in particular the X ~.

Some a posteriori justification may be given for a
model with the A-hyperon only: i) The parametrization of
the NA and AA is relatively well grounded on Brueckner-
Hartree-Fock calculations and duly cross-checked with
data on single and double A-hypernuclei. By contrast, ex-
perimental data concerning the X-hyperon is quite scarce.
ii) It is argued from recent analysis of X'~ atoms and
the absence of a clear signal for the formation of bound
XY states in (K ~,m) reactions [22-24], as well as from
calculations in quark models [25,26], that the X' single-
particle potential is probably repulsive in nuclear matter.
(B-equilibrium calculations performed on the basis of this
assumption predict that the threshold for X-hyperon for-
mation in neutron stars is shifted to very large densities. If
such be the case, they would concern only a minor fraction
of the star or even not appear at all (see, e.g., [21,27]).
iii) We are still concerned here with investigating qual-
itative effects, namely the influence of a new degree of
freedom on the scattering rate and the effect of hyperon
formation on preventing an eventual ferromagnetic tran-
sition.
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Table 1. Skyrme parameters for the NN interaction [28-30].

Model o to tl t2 t3 o X1 i) X3
SLy10 | 1/6 2506.77 430.98 —304.95 13826.41 1.0398 —0.6745 —1.0 1.6833
SkI3 1/4 —1762.88 561.608 —227.09 8106.2 0.3083 —1.1722 —1.0907 1.2926
SV 1 —1248.3 970.6 107.2 0. —0.17 0. 0. 1.

Table 2. Skyrme parameters for the NA and AA interactions [17-19].

Model ﬁ uo U1 u us Yo Y3 Model )\o )\1
LY-1 1/3  —476. 42. 23. 1514.1 —0.0452 —0.280 SLL2 —437.7  240.
YBZ-6 1 —372.2 100.4 79.60  2000. —0.107 0. no LL 0 0

2.2 Composition of matter in chemical equilibrium

In neutron star matter we impose that the conditions for
0 equilibrium are fulfilled. We write the equality of the
chemical potentials i = (pn, +my) — (p +Mp) = phe — o,
tn +my = s+ ma. We must also impose electric charge
conservation m. = n,. At a given baryonic density the
electron, proton and hyperon fractions are determined by
the solution of these three equations. The chemical po-
tentials are determined by deriving the Skyrme energy
density functional with respect to the density of the cor-
responding particle. Their explicit expression was given
in a companion paper [20]. The electrons are relativistic
and their chemical potential is given by p. = \/k%, + m2.
In protoneutron star matter with trapped neutrinos we
have 1, = (672n,,)(?/3), while in colder neutrino-free neu-
tron star matter p,, = 0. The muons were not considered
for simplicity, as their presence is not expected to lead to
qualitative changes in the results. The threshold density
for A-hyperon formation is determined by the condition
pa(thr) = pa(kpa = 0) = py + my, — my. The hyperons
form around 2-3 ng,¢ in neutrino-free matter, they appear
at higher density when neutrinos are trapped in the star.

2.3 Skyrme parametrizations of the hyperonic sector

In [20] we have examined many combinations of param-
eters for the Skyrme forces among those available in the
literature in the light of their suitability for the descrip-
tion of neutron star physics (tables 1 and 2). We settled on
a recent parametrization by Reinhard and Flocard [28] in
the nucleon sector SkI3 (or the very similar SkI5) together
with the set YBZ6 for the nucleon-A interaction among
those recommended by Lanskoy et al. [17,19] as offering
one of the best description of hypernuclear data. For the
A-A interaction we then considered two options, either the
SLL2 force of Lanskoy [18] or no interaction. Lanskoy fit-
ted the binding excess to ABs4 = —4.8 MeV, i.e. more
atttractive than the presently accepted value of —1 MeV.
The truth should hopefully lie between these two choices.
All expected properties for the neutron star struc-
ture were then recovered. Very importantly, the ferromag-
netic transition common to (nearly) all Skyrme models is
avoided when hyperons are present (see sect. 2.5).

Table 3. Thresholds for hyperon formation and for ferromag-
netism in npAe matter in 8 equilibrium.

Model n{lhr Yp TNferro
SLy10+LY-I4SLL2 || 2.719 | 0.041 || 6.183
SkI3+YBZ6+SLL2 || 2.076 | 0.144 || 9.194
SV+YBZ6+SLL2 1.951 | 0.136 || 9.093

Among the main results obtained with the

SkI3+YBZ6+SLL2 parametrization, let us mention:

— The equation of state is softened by the presence of
the hyperon degrees of freeedom. As a consequence, the
maximum mass (2.26 Mg) for a npe star is reduced to
1.64 Mg for a star with hyperons.

— A hot star with trapped neutrinos was observed to be
metastable in the mass range [1.64-1.88] M), as noticed
in several earlier studies, see, e.g., [31]. A protoneutron
star in this mass range will eventually collapse to a black
hole as it undergoes deleptonization.

— The equation of state remains causal in the whole
star when hyperons are present.

— The A-hyperons appear at a threshold density
2.08 ng,t in cold neutrino-free matter. In protoneutron star
matter with a lepton fraction Y = 0.4, the formation of
hyperons is delayed until 2.85 ngqas.

— The asymmetry energy as = (1/2)0(E/A)/03%|5-0
increases rapidly with density with the SkI3 parametriza-
tion, allowing for high proton fractions.

— There exists a non-negligible hyperon fraction in the
core of the protoneutron star before deleptonization is
fully completed (see sect. 3). The tail of the supernova neu-
trino burst which corresponds to this stage could therefore
be affected by the presence of hyperons.

Another suitable set was the Skyrme Lyon SLy10 [29]
together with the LYI parametrization of the N-A force
also favored by Lanskoy. The asymmetry energy increases
with density but much slower than with the SkI3 force;
as a consequence, the proton fraction remains rather low.
With hyperons the maximum mass of the neutron star was
a lower but still acceptable 1.425 Mg. The set SLy10 was
preferred over the more widely used SLy4 and SLy7 sets
because it was easier to keep it clear of the ferromagnetic
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Table 4. Conditions for causality and neutron star properties.

Model np(c2 =1) || ne(1.4 M) | R(1.4 M) || Nmax | Mmax | R(Mmax)
SLy10, npe matter 7.308 3.60 11.05 7.69 1.99 9.52
SLy10+LY-I4-SLL2 16.032 9.38 9.0 12.38 | 1.425 8.11

SkI3, npe matter 6.343 2.27 13.21 6.12 | 2.263 11.16
SkI3+YBZ6, no LL causal 2.36 13.20 4.66 | 1.655 12.52
SkI3+YBZ6+SLL2 13.077 2.39 13.19 6.79 | 1.642 11.02

SV, npe matter 4.983 2.10 13.46 5.44 | 2.426 11.54
SV+YBZ6, no LL causal 2.19 13.40 4.44 | 1.662 12.75
SV+YBZ6+SLL2 13.082 2.22 13.41 6.5 1.639 11.24

pole. In other respects the properties of SLyl0 are very
similar to that of the Sly4 and Sly7 sets.

Finally we singled out the older SV force [30]. This set
is rather atypical as it has t3 = 0, its effective mass at
saturation is also lower (m, = 0.38) than the commonly
accepted values. Although its adequacy for reproducing
the properties of nuclei and nuclear matter is somewhat
less satisfactory than was the case for SkI3 or SLy10, it
has the unique feature of not presenting a ferromagnetic
transition in nuclear matter nor in npe matter in 3 equi-
librium which makes it very valuable for comparison pur-
poses. Its general characteristics (stiffness and maximum
neutron star mass, proton content) are quite similar to
those of the SkI3 set.

We reproduce in tables 3 and 4 the relevant entries of
the tables published in [20].

2.4 Neutrino-baryon scattering and absorption rates

In the nonrelativistic approximation the differential scat-
tering cross-section for the process v(p1) + B(p2) —
v(ps) + B(pa) is taken to be (see, e.g., [2,5,10,11]):

1 do G2
0= Te - ()

x [(1+cos9)5<0> (w, k) + (3—cos0)SD (w, k)]. (4)

In this expression, w and k are the transferred energy and
momentum p} — p§ = (w,k), E/, = E, — w is the neu-
trino energy after the collision and 6 is the scattering an-
gle p1.p5 = |p1]| |ps| cos@. The structure functions S in
spin channel S are defined by the expectation value of the
density and spin density fluctuations in baryonic matter.
In the mean-field approximation they both reduce to

3 3

x6*(p1 +p2 —p3 —pa) (1 — f(pa)).

()

They are related to the imaginary part of the reducible
polarizations by

1

(S) -9 -
SN w, k) = 21—6—5(W+ﬂ)

Im TS (w, k). (6)

This definition differs by a factor 1/x from that of [10,11,
32] but agrees with that of [4,5] so that the elastic limit
be Sp(w, k) — 2mnpdi(w)

In the nonrelativistic limit, the spin-0 and spin-1 re-
sponses correspond to the vector and axial couplings, re-
spectively. In the random phase approximation the vector
and axial structure functions obey uncoupled Dyson equa-
tions:

(7)

I3 = o + 1133 Vis—oy1y 1o,

where

_ 2 3 f(Ep) — f(Eerq)
o = (2m)3 / P LIO +Ep — Epyq +ic

and V(s—g,1) the interaction potential in the particle-hole
channel.

In our case, the Dyson equation has a 3x3 matrix
structure. The RPA polarization is obtained by inverting
(7) with

m° 0 o
My=| 0 1 0 (9)
0 0 I9

We have for the real part of the polarizations
Re IT(w, k) =

m} > (k2 — 2kp)? — (2mjw)?
on2k /0 pdpln [(kQ + 2kp)? — (2miw)? F (B0,

(10)

-1
with f(F;) = {1 + exp [(% — [Li)/T] + 1}
and fi; = p; — U;.

The expressions for the effective masses and chemical po-
tential were given in the appendix of [20]. At T = 0,
Re II} reduces to the Linhardt function in agreement
with, e.g., [32]:

Re Mo, ) "0 ~"5PE [ 4 gu(ar,) 4 gie)], (1)

1+

(o) = T 1]

_k wm;
2pri

)

— T

T4
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The imaginary part is always analytical

i (m?)2T
Im IT{(w, k) = — 2Z7rk
2
p— -
1 exp [_(Qm’-‘ a Mi>/T]
x In L

1+ exp [—(;ﬁ; - [Li)/T:|

with  pr =ppizs.

(12)

We will extract the potential in the Landau Fermi
Liquid approximation from the Skyrme parameterization.
Our potential has no imaginary part in this approxima-
tion. We will be working in the simplest monopolar (I = 0)
Landau approximation; our potential has therefore no an-
gular or momentum dependence. For a discussion of the
full RPA with momentum dependence we refer the reader
to [10,11,33,34].

The potential in the vector isovector channel for neu-
trino scattering through the neutral current process is
given in our model in terms of the Landau parameters f;;

fnn fnp fn/l
fpn fpp fp/l
fan fap faa

For the axial channel, one should replace all f;; by the g;;
in order to obtain the relevant potential V(g_1). The Lan-
dau parameters can be extracted from the Skyrme poten-
tial energy by applying a double functional differentiation
with respect to occupation numbers [32,33]. Their explicit
expression when hyperons are present was given in [20].

After performing the inversion, we obtain for example
in the axial (S = 1) channel

Vis=0) = (13)

1
J7RPA
Det[] — V(s=1) Ilo]

X [(1—9pp172)(1—9/mﬂ91) - g;%AH;?Hg] Hg, (14)

HRPA — 1
AnP ™ Det[I — Vig—1) o]

X [(1 - gAAﬂgl)gpn + g;D/lgnAHg] HSH?L ; (15)
1
HRPA _
A4 Det[I — Vig=y) Io]
X [(1 - gppH;()))gnA + gnpgpAHroz] Hgn?l ’ (16)

with similar expressions for the vector channel (S = 0).
These equations reduce to eqs. (26)-(32) of Reddy et al. 7]
when no hyperons are present.

Let us note at this stage that if the determinant ap-
pearing in the denominator is strongly reduced or van-
ishes, this will give rise to a corresponding peak in the
structure function and in the neutrino cross-section. This
is indeed what happens in the axial channel for previous
calculations [10,11] in pure neutron matter and npe mat-
ter in (8 equilibrium (see also fig. 16 of [7]): The condition

D4 = Det[I — Vig=1) IIo) = 0 (17)
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is fulfilled at some critical density, signalling the transition
to a ferromagnetic state. This is discussed further in next
section.

Finally the structure functions appearing in eq. (4) are
obtained from

Syja = (CIxJ//A VA Cé/A)

n A
U Sa S\ (P
S\//l/A SV SV)a Cysa | s (18)
SV]/DA Sx//l7A S\/}/AA €v/a
with
1 1 1
c"’,:§(1—4sin29w)20.04, c@:—i, c‘/}:—i;
1 1.26 1 1.26
Cp - = D F = — no— __ D F e
A 2( =+ ) 2 ’ Ca 2( + ) 9 )
1
A =—-2(F+D/3)=-0.365.
2 (19)

2.5 Poles in the dispersion relations

Previous studies on the neutrino mean free path in neu-
tron matter [10] or npe” matter in 8 equilibrium [11]
found that a pole appears in the calculation of the axial
structure function above a certain critical density. This
feature is typical of Skyrme parameterization of nuclear
interactions and is related to a transition to a ferromag-
netic state.

In [20] we defined the magnetic susceptibilities x;;,
where i, j € {n,p, A}. The inverse susceptibilities are pro-
portional to the second derivatives of the energy density
functional with respect to the polarizations:

Billi = 2P A, (20)
Xij  PiPj
A LO%E/p) o
72 9s;0s;
5 = L= Pl (22)
pit + pil
15 X : . . . |
\ Sly10,no A ——
\ SKI3,no A ———
r \ SLy10+LYI4SLL2 ------ i
SkI3+YBZ6+SLL2 — - —
\
o osf
>
g of
0.5
-1 1
0 1

nB/nsat

Fig. 1. Criterion for the transition to a ferromagnetic state.
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T (MeV) | 17.3 25.0 31.7 36.5 37.5 36.5 33.6 29.8 26.0 22.1  18.3
YL 0.345 0.315 0.283 0.256 0.239 0.222 0.202 0.178 0.145 0.119 0.09
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t[s] T [MeV]

Fig. 2. Evolution of the hyperonic content as a function of time.

On the other hand it can be shown that the A;; are related
to the Landau parameters g5’ through

Aij:p,p.%GO]7 1fl#]7
"\ N§Ng
Aii = —=—(1 G“ s
AN T
i arind i i _ mikpi
G(Z)j = NoNggoj ) Ny = 272 (23)

A criterion for the appearance of the ferromagnetic phase
is that the determinant of the inverse susceptibility matrix
vanishes, or equivalently, in terms of the Landau parame-
ters:

(1+Gpmy  apr GnA
Det G (14+Gry  GR! =0. (24)
Gin G 1+ G

In the limit where the temperature 7' and the energy
transfer w go to zero, the real part of the Linhardt func-
tions tend to the limiting value

. (T—0, w—0, w/k=cst) .
Re Il (w, k) — —Ng . (25)
If we further assume that the imaginary part of the po-
larizations vanish (which, even though it turns out to be
an excellent approximation, is not strictly the case) we
would then find that the condition that a pole appears
in the dressed axial polarization Det[l — Vig—1)IIo] (cf.
eq. (17)) is identical to the criterion for the appearance of
a ferromagnetic phase defined in this section. In fact the
finite imaginary parts provide for some Landau damping
of the pole. The pole will also be somewhat shifted and
smoothed by finite temperature, but this hardly changes
our conclusions in practice for the temperatures relevant

for protoneutron stars (up to 30 MeV).

In [20] we plotted the criterion (24) as a function of
density. It was shown that when the threshold for hyperon
formation was lower than the critical density for the ferro-
magnetic transition in npe matter, the hyperons were able
to stabilize the system so that the pole could be avoided.
An example of these results is displayed in fig. 1.

A similar study can be performed for the vector
response function. The denominator Dy Det[I —
Vis=0) o] = O reduces at T' = 0, w — 0 to the criterion for
instability under density fluctuations equivalent to eq. (24)
by replacing the G;; by the corresponding Fj;. At low den-
sity, no hyperons are present, and the criterion reduces to
that for spinodal instability in asymmetric nuclear matter
(see, e.g., [35]) (1+EF™)(1+ E}P) — (F3'")? = 0. The pole
disappears at temperatures ~ 15 MeV, but the enhance-
ment persists at higher temperatures.

3 Evolution of the hyperonic content in a
deleptonizing protoneutron star

As the protoneutron star cools and the trapped neutrinos
are released, the beta equilibrium becomes more favor-
able to the production of hyperons. If a sizable number of
hyperons appear before the deleptonization is completed,
the mean free path of the neutrinos will be affected and
could influence the characteristics of the tail of the neu-
trino burst detected in supernova explosions. The deter-
mination of the evolution of the hyperonic content would
require to solve self-consistently the equations for thermo-
dynamical conditions, neutrino mean free path, diffusion
of neutrinos and cooling along the lines of reference [16].

In this section we take the results from fig. 17 of Pons
et al. [16] as representative of the evolution of the temper-
ature and leptonic content. With this input we calculate
the structure of the neutron star at each time step. While
this procedure is not consistent, it still permits to estimate
whether hyperons will be relevant at this stage.
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Fig. 3. Particle fractions as a function of the neutron star
radius at three stages of the deleptonization.

We chose the evolution curves correponding to model
GM3 with hyperons (curved labeled GM3npH in [16]).
The temperature T' and total lepton number Y7 = Y, +
Y, are fixed to values extracted from fig. 17 of [16] (see
table above fig. 2). The central density was also taken
according to the results of [16] but was rescaled for each
parameter set in order to match with a 1.6 Mg neutron
star at the end of deleptonization. It was checked that the
equation of state and chemical composition at the end of
deleptonization obtained by setting Y7 = 0.09 coincides
with that obtained when setting Y, = 0.

After neutrinos have left the neutron star, it continues
to cool from T = 18.3 MeV to T = 0. We perfomed four
more calculations at T'= 0, 5, 10 and 15 MeV to follow
the hyperonic content in this later stage. The result is dis-
played in figs. 2 and 3 for the parameter sets which allow
a stable neutron star with a mass 1.6 M), namely SkI3 or
SV in the nucleon sector, YBZ6 for the hyperon-nucleon
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interaction and either no Lambda-Lambda interaction or
the SLL2 parametrization of Lanskoy et al.

In fig. 2 the hyperonic fraction at the center of the star
is displayed as a function of time. We can see that a siz-
able fraction of hyperons is present as early as 10 seconds
after the collapse. The result are very similar whether we
use the SkI3 or SV force. On the other hand we again note
a strong dependence on the characteristics of the A-A in-
teraction.

Figure 3 shows the density profile of the neutron star
at three stages of the deleptonization (t =20 s, t = 50 s
and t — o0o) for the parameter set SkI3+YBZ6+SLL2. As
the star cools, its radius shrinks and the hyperons gather
at its center.

4 Neutrino scattering rates
4.1 Structure functions

a) Axial response

Let us first discuss the behaviour of the contributions
to the axial structure functions from neutrons (S,"),

protons (S¥”)) and A hyperons (5{*").

As already obtained by other authors [10,11], the ax-
ial structure function for neutrons in npe matter displays
a strong enhancement at w = 0, going over to a pole at
the critical density ni}?fe We have seen in sect. 2.5, the
criterion for ferromagnetic instability is equal to the con-
dition that the denominator of the dressed polarizations
vanish at w = 0. This is a mechanical instability, mean-
ing that an infinitesimal energy fluctuation w = € can
trigger the phase transition. This should not be confused
with the phenomenon of spin zero sound analogous to the
zero sound mode observed in the vector response function,
where a peak appears at a finite value w = wyzg. In the
latter case the response function displays a resonance cor-
responding to the excitation of a collective motion of the
system at the corresponding velocity vzgs.

Figure 4 compares the axial structure functions ob-
tained in the mean-field and random phase approxima-
tions. The system is npeA matter in 8 equilibrium at a
density ng = 4 ngy, temperature 7' = 10 MeV and we
fixed the transferred momentum at k& = 30 MeV. The in-
teractions are described by the choice of parameters SkI3
+ YBZ6 + SLL2. While the RPA correction is only mod-

erate in the Sj(f ?) and Sl(qAA) contributions, we can clearly

see the enhancement due to the vicinity of the ferromag-

netic criterion in Sl(:n). On the other hand, no spin zero

sound peak is observed at a finite value of w.

Figure 5 compares the 51(4"”) as a function of
density for three different Skyrme parametriza-
tions:  SLyl0+LYI+SLL2, SkI3+YBZ6+SLL2 and
SV+YBZ6+SLL2. At saturation the three parametriza-
tions give very similar results. At three time sat-
uration density on the other hand the quantity
Dj(w = 0) = Det(1 + G,;) is approaching the zero axis

for the SkI3 and SLy10 models (see fig. 1) and the S{"™
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Fig. 4. Axial structure functions in npeA matter in beta equi-
librium —mean-field and RPA approximations.

response is strongly enhanced. The SV+YBZ6+SLL2
parametrization which is free of ferromagnetism accord-
ingly does not give rise to any enhancement at w = 0.

S%PP) follows the usual trend of having its strength
shifted to higher w when density is increased. This is also
observed for 51(4””) in the SV4+YBZ6+SLL2 parametriza-
tion when the effect is not washed out by the enhancement
atw=0.AtT=0 SI(4AA) is only nonzero above the thresh-
old for hyperon production and then qualitatively behaves

o [MeV]

Fig. 5. Axial structure functions in npeA matter in beta
equilibrium in the RPA approximation —comparison of three
Skyrme parametrizations.

as Sipp ) At high density its contribution is of the same
order of magnitude as that of the neutrons.

Figure 6 illustrates the temperature dependence of the

axial structure functions. In the upper panel, SXL") is rep-
resented at ng = 4 ngyy and k = 30 MeV. As the temper-
ature is increased, the response function is enhanced and
processes in which the neutrino gain energy in the collision
(w < 0) gradually open. In the lower panel, the hyperon
structure function is displayed at np = 2 ngat, i.e. shortly
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librium in the RPA approximation —temperature dependence.

below the threshold density ng}lr = 2.08 nga;. While the
structure function vanishes as expected at zero tempera-
ture, its contribution increases as temperature rises and
rapidly reaches the same order of magnitude as scattering
on nucleons: Even though there are only traces of ther-
mally created hyperons in this regime, they contribute ac-
tively to the scattering as they are not yet impeded by the
Pauli blocking.

b) Vector response

In fig. 7 we show the vector structure function for the
neutron. At low density we find when plotting Dy (w, k) =
Det[I—V(5—g)IIo] that this function comes near to the zero
axis and eventually crosses it. This can be explained as the
onset of the spinodal instability, when homogeneous mat-
ter is not the stablest state anymore, as is the case at the
inner edge of the crust of the neutron star (see, e.g., [36]).
As the density is increased, this instability disappears but
instead dips form in Dy for a finite value of the energy
transfer. When the real part of Dy vanishes a zero sound
mode develops. This occurs at approximately 3 pg.; de-
pending on the equation of state. At moderate densities,
the imaginary part is finite and provides for Landau damp-
ing of the mode. This is seen on the vector structure func-
tion as a peak with some width. At higher density the zero
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Fig. 7. Vector structure functions in npeA matter in beta equi-
librium in the RPA approximation.

sound mode is unscreened and appears as a delta function
outside the vector strength distribution.

We observe that two such dips in Dy develop in npe
matter in 3 equilibrium whereas a third dip appears in
npe/A matter. This translates in respectively two or three
peaks in the vector response function. The conditions of
the lower panel of fig. 7 were chosen so that these features
are clearly visible. It is tempting to ascribe each dip to one
species of baryons present in the system. As a matter of
fact, the position of the dips is approximately given by the
characteristic frequencies associated to each particle w;
k(k+2ppi)/(2m7}). The deviation from the exact value is
due to the fact that we have mixed states: the isospin is
not a good quantum number, neither is the strangeness.
For the density range relevant to neutron stars we only
see the zero sound associated to the neutrons. The po-
sition (i.e. velocity) of the zero-sound mode(s) depends
on the stiffness of the equation of state. In fig. 7, lower
panel, we see that, the equation of state with hyperons
being softer than in matter with only neutrons and pro-
tons, the zero-sound mode propagates at smaller velocity.
The trend is general, and the position of the zero-sound
peak for various choices of the NN, NA and AA forces
follows their classification according to stiffness realized
in [20]: SV4+YBZ6 > SkI3+YBZ6 > SLyl0+LYT.

Figure 7, upper panel, was drawn at zero tempera-
ture. When some temperature is applied to the system (see
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fig. 8), the delta-function (corresponding to an undamped
zero-sound mode at T = 0) merges with the remaining
part of the structure function. As was already observed
in the case of the axial response, processes in which the
neutrino gain energy in the collision (w < 0) open as T
increases.

c) Differential cross-section

The differential cross-section eq. (4) is displayed on
fig. 9 at ng = 2.5 ngay, i.e. shortly above the threshold for
hyperon formation. We compare the results for Skyrme
models SkI34+YBZ6+SLL2 and SV+YBZ6+SLL2.

Tiny secondary peaks are barely visible at high-energy
transfer w = 4+ 60 MeV. This is what is left of the
zero-sound contribution in the vector structure functions
(see figs. 7 and 8) after applying the Pauli blocking fac-
tor 1 — f(E!). Moreover, in the chosen example E, =
k = 30 MeV the condition |cos@| < 1 restrict the al-
lowed energy ransfer w to the range [—k — 2F, — k] =
[—30-30] MeV, so that the zero sound peak does not con-
tribute altogether.

4.2 Mean free path

The mean free path is obtained by integration of the differ-
ential cross-section. This parameter is relevant in the late
stages of supernova explosion and first stages of protoneu-
tron star cooling, when the neutrinos are still dynamically
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trapped in the hot and dense matter.

1 d?c

—_ = = Q

7 / dwd <dwd(2)
G2 E, ’ 2E, —w

et ), adall-JE)

X [(1 = cos0)Sy (w,q) + (3 + cos8)S4(w,q)].

(26)

In the elastic limit where S{ ~ S ~ Si6% — 27n;6(w)
for i,j7 € {n,p,A} and Wlthout Pauh blockmg, this
reduces to the textbook formula § = 3, npA /\ =

Zz n,p,A Gﬂ- (CVZ + 3CA1) E2 .

We studied the total cross-section and the mean free
path for both the neutrino-free and trapped-neutrino case.
According to protoneutron star cooling calculations [16],
the characteristic energy of the neutrinos is £, ~ 3 T in
the former case whereas it is F,, ~ p, in the latter case.

Figure 10 shows the mean free path in the mean-field
approximation. In the upper panel we have represented
the neutrino-free case Y, = 0 for a moderate temperature
T = 5 MeV, while the lower panel displays the case of
trapped neutrinos Yy = 0.4 with a higher temperature
T = 20 MeV. It can be seen that, at the mean-field
approximation, the total cross-section is enhanced by
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Fig. 10. Mean free path with and without hyperons in the
mean-field approximation in neutrino free neutron star matter
at T'=5 MeV (upper panel), in protoneutron star matter with
trapped neutrinos at 7' = 20 MeV, Y, = 0.4 (lower panel).

the apparition of hyperons and the mean free path cor-
respondingly reduced. The same behavior was observed
by Reddy et al. [6] and explained by the combined effect
of the modification of the chemical potentials of the
nucleons and the opening of new scattering channels
when new degree of freedoms are available. The results
of the SkI3+YBZ6+SLL2 and SV+YBZ6+SLL2 are
similar, with the mean free path being larger for the SV
parametrization corresponding to lower effective masses:
At the mean-field level, o oc ZmIly < m? (see eq. (12))
and A~ 1/0.

The mean free path is observed to increase with higher
densities. This behavior was also found in nonrelativistic
models by Reddy et al. [7], whereas relativistic models
yield a decreasing mean free path with increasing density.
The discrepancy was explained by Reddy et al. [7] as the
result of two competing mechanisms, i.e. the decreasing of
the effective masses (see previous alinea) and the increase
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of the chemical potentials: in the nonrelativistic Skyrme
model the decreasing m, is the dominant effect.

The mean free path in the random phase approxi-
mation is displayed in fig. 11 in neutrino-free matter in
the top panels and with trapped neutrinos in the bottom
panels for parametrizations SkI3+YBZ6+SLL2 (left) and
SV+YBZ6+SLL2 (right).

We first note an enhancement of the cross-section at
subnuclear density for both parametrizations. This is re-
lated to the peak present in the vector response function
which was noticed in the previous section, and signals
the mechanical instability to nonhomogeneous “pasta”
phases. Our model is not valid any more in this density
range; a calculation would need to be performed along the
lines of, e.g., ref. [37].

The dramatic enhancement of the cross-section in the
RPA approximation due to the onset of ferromagnetism
which was reported in several previous works [7,10,11]
is also observed with parameter set SkI3 in mpe mat-
ter. It is indicated in the figure by the line mgeo. The
mean free path in npe matter goes to zero at this point.
When hyperons are present in the system, the ferromag-
netic transition can be avoided when the threshold den-
sity for hyperon formation is lower than the critical den-
sity for ferromagnetism in npe matter [20]. For the set
SkI3+YBZ6+SLL2 we have nf} ., = 2.08 ng,e, while in
npe matter Ngerro = 3.08 ngat. As a consequence, the pole is
avoided and the mean free path goes on gently increasing.

The parameter set SV which was selected as the only
Skyrme model in which the ferromagnetic transition does
not appear, permits us to study the influence of the RPA
corrections in the absence of the pole. We see in the right
panels of fig. 11 that the mean free path behaves in this
case in a way similar to the mean field result at densities
np > Ngat-

Figure 12 shows the ratio of the total cross-sections
orpA/oMF = AMr/Arpa in the RPA and mean-field
approximation. A residual enhancement in the vicinity
of the ferromagnetic instability remaining from the np
sector prior to the hyperon formation threshold is vis-
ible in the SkI3+YBZ6+SLL2 parametrization. In the
SV+YBZ6+SLL2 parametrization the cross-section is
somewhat enhanced with respect to the mean-field result:
even in the absence of ferromagnetism, this is still at vari-
ance with the relativistic prediction [7-9].

We finally explored the impact of the neglect of the
other hyperons X, = by performing a mean field calcu-
lation in the model of Balberg and Gal [21] and another
nonrelativistic model based on the Seyler-Blanchard
effective interaction by Banik and Bandyopadhyay [38].
Both models include all species of hyperons. The calcula-
tion was nevertheless performed here in a reduced version
of these models with only the X’ ~- and A-hyperons taken
into account and no muons. The X~ -hyperons appear
at 1.87 ngy and the A at 2.32 ng,: in the model of
Balberg and Gal with the parameter set corresponding
to the choice v = 4/3, while the ¥~ are formed at
1.52 ng,e and the A at 2.82 ng, in the model of Banik
and Bandyopadhyay. The mean free path obtained with
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Fig. 11. Mean free path Agpa with and without hyperons in the random phase approximation. On the left-hand side Arpa was
calculated with the SkI34+YBZ6+SLL2 parametrization, on the right-hand side with the SV+YBZ6+SLL2 parametrization.
Top panels: neutrino-free neutron star matter. Bottom panels: protoneutron star matter with trapped neutrinos (Y7 = 0.4).

such models is shown in fig. 13 in neutrino free matter
at T = 10 MeV for a neutrino of energy F, = 30 MeV.
The reduction of the mean free path at the formation
threshold of a new hyperon is also observed in these
models. The effect is less visible for the second hyperon
than for the first. The behavior of the mean free path
obtained from the model of Banik and Bandyopadhyay
is qualitatively similar to that resulting from the Skyrme
parametrizations considered in the present work. The
decrease of the mean free path with increasing density
obtained from the model of Balberg and Gal is easily
understood from the fact that whereas both the Skyrme
and the Seyler-Blanchard parametrizations have decreas-
ing effective masses, Balberg and Gal keep theirs fixed at
the free value (see the discussion below fig. 10).

5 Conclusion

We have performed for the first time a calculation of the
neutrino-baryon scattering rates including the hyperons

at the RPA level in a nonrelativistic model. The nuclear
interactions were described by Skyrme forces calibrated
to reproduce the available data on nuclei and hypernuclei
and tested for their suitability to describe the properties
of neutron stars.

At the mean field level the hyperons open new scatter-
ing channels and tend to decrease the mean free path as
compared to its value in npe matter. In the random phase
approximation the cross-section is very sensitive to the de-
gree of stability of the matter with respect to density or
spin density fluctuations. The hyperons help delaying or
removing the onset of a ferromagnetic instability usually
present in Skyrme models. The drastic reduction of the
mean free path at the transition is thus avoided. A resid-
ual enhancement of the cross-section nevertheless remains
in most cases.

Even in the complete absence of a ferromag-
netic instability as provided by the parametrization
SV+YBZ6+SLL2, we still obtained results which are at
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variance with the prediction of relativistic models: i) The
mean free path increases with density. This may be as-
cribed to a rapid decrease of the effective masses of the
baryons in these models. This feature was observed pre-
viously in npe matter [7]. ii) The RPA cross-section was
still slightly enhanced with respect to the mean field value.
This indicates a less repulsive spin interaction as density
increases.

Our model is still very schematic. Several items would
need to be improved in future work, among which:

i) Particle-hole interaction
The Skyrme interaction was used for convenience in or-
der to keep the model as simple as possible. While it was
carefully selected in order to avoid known problems at high
density such as the behavior of asymmetry energy, causal-
ity and onset of ferromagnetism, it is still being driven at
the limit of its reliability. The behavior of the interaction
in the spin-spin channel still remains unclear. An other
issue is the description of the A-A force which plays an
important role at high density where the hyperon fraction
is large, whereas the description of the hyperon-hyperon
interaction in phenomenological formalisms is still very
poor.
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Fig. 13. Mean free path in the mean-field approximation at
T =10 MeV, E, = 3 T, Y, = 0 for various nonrelativistic
models of baryonic matter.

Both points could be substantially improved while still
keeping the same level of simplicity for the Dyson equa-
tions and neutrino-baryon scattering cross-sections, if we
could obtain a parametrization of the polarized energy
density functional and effective masses from microscopical
variational or Brueckner-Hartree-Fock calculations. Lan-
dau parameters extracted from BHF calculations have in-
deed been used very recently to calculate the neutrino
scattering mean free path in neutron matter with the Ni-
jmegen NSC97e potential [12] and for npe matter in
equilibrium with the Argonne AVig potential plus 3-body
forces [13]. The spin-spin interaction was actually found
to be increasingly attractive by both groups, leading to
a strongly reduced cross-section in the random phase ap-
proximation.

Brueckner-Hartree-Fock calculations also offer a coher-
ent framework to calculate the hyperon-hyperon interac-
tion in medium starting from bare baryon-baryon poten-
tials and then cross checking the results with the data on
double hypernuclei. The parametrization of Brueckner re-
sults for matter with a hyperonic component is currently
under way and will be the subject of another paper [39)].

ii) Full RPA
We limited ourselves to the monopolar [ = 0 Landau ap-
proximation. As previous studies in pure neutron mat-
ter or symmetric nuclear matter have shown [11,33,34]
the full RPA approximation can represent an appreciable
correction to the simple [ = 0 result. While the exten-
sion of the full RPA to npAe matter should not present
any conceptual difficulties, the additional amount of work
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required is not yet worthwhile, considering the other un-
certainties of the model.

iii) Relativistic effects

The main advantage of the nonrelativistic model is
that the Dyson equation has a simpler structure, espe-
cially if we restrict the calculation to the monopolar ap-
proximation. This allows to explore a greater variety of
many-body effects and chemical composition of the mat-
ter. At the high densities considered in protoneutron stars,
a relativistic model however appears to be a desirable re-
quirement.

iv) Charged current processes

The present work explored the role of hyperons in neu-
trino processes on the example of the scattering through
the neutral current. The same methods as used here can
be applied to the charged current process. In protoneutron
stars, the charged current process v, +n = p+e~ is actu-
ally dominant. In the subsequent long cooling phase, the
triangle rule for conservation of momentum constrained
to the immediate vicinity of the Fermi surface is less re-
strictive in the direct URCA process involving hyperons
such as p+ e~ = A+ v,, which makes this an interesting
mechanism for an efficient cooling of the star [40].
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