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ABSTRACT

We calculate neutrino cross sections from neutral-current reactions in the dense matter encountered in
the evolution of a newly born neutron star. Effects of composition and of strong interactions in the del-
eptonization and cooling phases of the evolution are studied. The influence of the possible presence of
strangeness-rich hyperons on the neutrino scattering cross sections is explored. Due to the large vector
couplings of the X~ and E7, | Cy, | ~ 2, these particles, if present in protoneutron star matter, give signifi-
cant contributions to neutrino scattering. In the deleptonization phase, the presence of strangeness leads
to large neutrino energies, which results in large enhancements in the cross sections compared to those
in matter with nucleons only. In the cooling phase, in which matter is nearly neutrino-free, the response
of the X~ hyperons to thermal neutrinos is the most significant. Neutrinos couple relatively weakly to
the A hyperons and, hence, their contributions are significant only at high density.

Subject headings: atomic data — dense matter — elementary particles — stars: interiors

1. INTRODUCTION

The general nature of the neutrino signature expected
from a newly formed neutron star (hereafter a protoneutron
star) has been theoretically predicted (Burrows & Lattimer
1986) and confirmed by the observations (Bionta et al. 1987;
Hirata et al. 1987) from supernova SN 1987A. Although
neutrinos interact weakly with matter, the high baryon den-
sities and neutrino energies achieved after the gravitational
collapse of a massive star (>8 M) cause the neutrinos to
become trapped on the dynamical timescales of collapse
(Sato 1975; Mazurek 1975). Trapped neutrinos at the star’s
core have Fermi energies E, ~ 200-300 MeV and are pri-
marily of the v, type. Thermally produced y and t neutrino
pairs are also trapped, but with zero chemical potential.
Neutrinos escape after diffusing through the star exchang-
ing energy with the ambient matter, which has an entropy
per baryon of order unity in units of Boltzmann’s constant.
Eventually, they emerge from the star with an average
energy ~ 10-20 MeV and in nearly equal abundances of all
three flavors, both particle and antiparticle.

Neutrino interactions in dense matter have been investi-
gated by various authors (Tubbs & Schramm 1975; Sawyer
1975, 1989, 1995; Lamb & Pethick 1976; Lamb 1978;
Sawyer & Soni 1979; Iwamoto & Pethick 1982; Iwamoto
1982; Goodwin 1982; Goodwin & Pethick 1982; Burrows
& Mazurek 1982; Bruenn 1985; van den Horn & Coo-
perstein 1986; Cooperstein 1988; Burrows 1988; Horowitz
& Wehrberger 1991a, 1991b, 1992; Reddy & Prakash 1995).
The charged current absorption and neutral-current scat-
tering reactions are both important sources of opacity. The
neutral-current scattering involves all flavors of neutrinos
scattering on nucleons and leptons. Scattering from elec-
trons is important for energy and momentum transfer
(Tubbs & Schramm 1975). However, for lepton number
transport, nucleon scattering and absorption are the domi-
nant processes.

Surprisingly little attention has been paid to the effects of
composition and of strong interactions of the ambient
matter on neutrino opacities. In the few attempts to date,
the effect of interactions was investigated for nondegenerate
nuclear matter by Sawyer (1975, 1989) and for degenerate
pure neutron matter by Iwamoto & Pethick (1982). Treat-
ing nucleons in the nonrelativistic limit, these calculations
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predict an increase in the mean free path by a factor of
~2-3, for 2-4 times the nuclear density. More recently,
relativistic calculations based on effective Lagrangian
models for dense neutron star matter have been performed
by Horowitz & Wehrberger (1991a, 1991b, 1992). Here the
differential cross sections for matter containing nucleons
and electrons were calculated using linear response theory.
A reduction of 30%—-50% over the case of noninteracting
nucleons was reported in these calculations. In addition to
strong interaction modifications, electromagnetic inter-
actions can increase the mean free path by 50%—-60% for
electron-type neutrinos through collective effects (Horowitz
1992). So far, the influence of interactions has been investi-
gated in protoneutron star calculations only by a simple
scaling of the noninteracting results (Burrows 1990; Keil
1994). Furthermore, there have been no calculations per-
formed including the multicomponent nature of the system.
We note that Keil & Janka (1995) have recently carried out
deleptonization and cooling simulations including hyper-
ons in the equation of state (EOS), but they ignored opacity
modifications. We view it as essential that opacities be con-
sistent with the composition, which has not been a feature
of protoneutron star models to date. The composition of the
star changes significantly from the deleptonization phase, in
which neutrinos are trapped, to the cooling phase, in which
only thermally produced neutrinos are present. So far,
important opacity modifications due to the changing lepton
content and composition have not been treated satisfacto-
rily in evolutionary calculations.

Although the composition and the EOS of the hot proto-
neutron star matter are not yet known with certainty,
QCD-based effective Lagrangians have opened up intrigu-
ing possibilities (Kaplan & Nelson 1986; Glendenning 1985,
1992; Glendenning & Moszkowski 1991; Kapusta & Olive
1990; Ellis, Knorren, & Prakash 1995; Knorren, Prakash,
& Ellis 1995; Prakash, Cooke, & Lattimer 1995). Among
these is the possible existence of matter with a strangeness-
to-baryon ratio of order unity. Strangeness may be present
either in the form of fermions, notably the A and £~ hyper-
ons, or, in the form of a Bose condensate, such as a K™ -
meson condensate, or, in the form of s quarks. In the
absence of trapped neutrinos, strange particles are expected
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to appear around 2-4 times the nuclear matter density of
no = 0.16 fm 3. Neutrino trapping causes the strange par-
ticles to appear at somewhat higher densities, since the rele-
vant chemical potential u = u, — u,, in matter with high
lepton content is much smaller than in the untrapped case
(Thorsson, Prakash, & Lattimer 1994; Ellis et al. 1995;
Knorren et al. 1995; Prakash et al. 1996).

A new feature that we consider here is the role of strange-
ness. To date, only neutrino opacities for strange quark
matter have been calculated (Iwamoto 1982). Here we study
neutrino scattering mean free paths in matter containing
strangeness in the form of hyperons. Specifically, we calcu-
late neutrino opacities that are faithful to the EOS from
neutral-current reactions in matter containing hyperons. In
a first effort, this will be achieved using a mean field theo-
retical description which includes hyperonic degrees of
freedom. This approach has several merits. For example,
aspects of relativity, which may become important at high
density, are naturally incorporated. Modifications of the
opacity resulting from correlations (RPA) are also possible
in such an approach. Further, comparisons with alternative
potential model approaches (Iwamoto & Pethick 1982;
Sawyer 1989) are straightforward. Neutrino opacities in
matter containing other forms of strangeness will be con-
sidered in a separate work. Contributions from charged
current reactions (Prakash et al. 1992) are essential for a
complete description of the protoneutron star evolution.
With appropriate modifications of the formalism presented
in this work, calculations that include the compositional
changes in the distinct phases of the evolution will be
reported in a later work.

In § 2, the formalism to calculate the neutrino scattering
cross sections in a multicomponent system is discussed.
New analytical formulae for the response functions, which
facilitate accurate calculations of the cross sections in all
regimes of matter degeneracy, are derived. In § 3, the com-
position of beta-equilibrated matter with and without
strange baryons is determined based on a field theoretical
model. This section also contains a description of the rele-
vant physical conditions in the evolution of a newly born
neutron star. In particular, the composition in the distinct
phases of deleptonization and cooling are discussed. Results
of the neutrino scattering cross sections in these two phases
are presented in § 4. Conclusions and directions for future
study are givenin § 5.

2. NEUTRINO INTERACTIONS WITH BARYONS
Neutrino interactions with matter proceed via charged

and neutral-current reactions. The neutral-current pro-
cesses contribute to elastic scattering, and charged current
reactions result in neutrino absorption. The formalism to
calculate neutral-current scattering rates in dense matter is
summarized below. The interaction Lagrangian for neu-
trino scattering reactions is based on the Weinberg-Salam-
Glashow theory (Weinberg 1967; Salam 1968; Glashow
1961):

Zre = (Gp/2 /2, j¢ for v+B-v+B, (1)
where Gy ~ 1.436 x 10~*° ergs cm ™3 is the weak coupling
constant. The neutrino and target particle weak neutral cur-
rents appearing above are

l“; = J’v yu(l - ’))S)Ipv s
JE=Yiy"(Cyi — Ciyshi V)

where i=n, p, A, 27, 2%, 20 =7, ... and e”, u~. The
neutral-current process couples neutrinos of all types (e, p,
and 1) to the weak neutral hadronic current j%. The vector
and axial vector coupling constants, C,; and C ;, are listed
in Table 1. Numerical values of the parameters that best fit
data on charged current semileptonic decays of hyperons
are (Gaillard & Sauvage 1984) D = 0.756, F = 0477,
sin? 0, = 0.23, and sin 0, = 0.231. Due to the large vector
couplings of the X~ and E7, |Cy | ~ 2, these particles, if
present in protoneutron star matter, will give significant
contributions to neutrino scattering. Neutrino scattering off
leptons in the same family involves charged current coup-
lings as well, and one has to sum over both the contributing
diagrams. At tree level, however, one can express the total
coupling by means of a Fierz transformation; this is
accounted for in Table 1.

Given the general structure of the neutrino coupling to
matter, the differential cross section for elastic scattering for
incoming neutrino energy E, and outgoing neutrino energy
E is given by (Fetter & Walecka 1971)

1 d% G* E
v I [ Haﬁ 3
V dQ2dE, 1287% E (Lo IT) 3)

v

where the neutrino tensor L,; and the target particle polar-
ization IT* are

Latﬂ = 8[2ka kﬁ + (k : q)gazﬂ - (ka qﬂ + q. kﬂ) + iefxﬁuv kuqv] >
4)

TABLE 1
NEUTRAL-CURRENT VECTOR AND AXIAL COUPLINGS

Reaction Cy, c,
Vot+e—ov, +e......... 1+ 4 sin? 6, = 1.92 1
Vet oV —1 + 4 sin? 6, = —0.08 -1
vitnov,+n.......... -1 —D—-F=-123
Vit POV D 1 — 4 sin? 6, = 0.08 D+F=123
Vit AoVt A 1 _F-D3=—073
v, +Z oy, +X7 .. —3 + 4 sin? 6, = —2.08 D —3F = —0.68
v, +Zt v, + 2 1 — 4 sin? 6, = 0.08 D+F=123
v+ 20y, + 20 1 D—F=028
v+E v+ E . —3 + 4 sin? 6, = —2.08 D —3F = —0.68
v+ E0 sy, + B0 1 D-—F=-123
I 0 2D/(3)2 = 0.87

Note.—Coupling constants derived assuming SU(3) symmetry and the constit-
uent quark model for the hadrons. Numerical values are quoted using D = 0.756,
F = 0.477,sin? 0y, = 0.23 and sin 6, = 0.231 (Gaillard & Sauvage 1984).
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. d*
It = f(z an GGG 971, O
Above, k, is the incoming neutrino four-momentum, and g,
is the four-momentum transfer. The Green’s functions Gi(p)
(the index i labels particle species) depend on the Fermi
momentum kg; of target particles. In the Hartree approx-
imation, the propagators are obtained by replacing M; and
kg; in the free particle propagators by M¥ and kf; (see
below), respectively. The current operator J, is y, for the
vector current and y,ys for the axial current. Given the
V — A structure of the particle currents, we have

= C2, 1Y + C4, 114 — 2C,, C, TV . (6)

For the vector polarlzatlon {Jus I} 2 {ss 4}, fOr the axial
polarization, {Ja, Jg} 1l {7a7s y,,ys}, and for the mixed
part, {J,, Jg} : {yays, 7p}. Further, the polarizations
contain two functions, the density-dependent part that
describes particle-hole excitations and the Feynman part
that describes particle-antiparticle excitations. For elastic
scattering, with g7 < 0, the contribution of the Feynman
parts vanishes. Using vector current conservation and
translational invariance, I1}; may be written in terms of two
independent components. In a frame where g, = (q,, |41, 0,
0), we have

b v

lq> %"

My=115, and I, =

The axial current-current correlation function can be
written as a vector piece plus a correction term:

Iy, =17, + g,, 1" . 7
The mixed, axial current-vector current correlation function
is

HVA . u v,a,0 anVA (8)
The above mean field or Hartree polarizations, which char-
acterize the medium response to the neutrino, have been
explicitly evaluated in previous work (Horowitz &

Wehrberger 1991a). In terms of these polarizations, the dif-
ferential cross section is
G2 E,

1 d’c &

with

2ko(ko — qo) + ‘1,3/2
lq|?

The polarizations may be combined into three uncorrelated
response functions R;, R, and R; by summing over the
contributions from each particle species i:

R, =} [C}; + C4I[Im I + Im IT;], (11)

A=

i B = 2k0 - qo . (10)

R, =Y C}Im Iy + C4[Im I} — Im T, (12)
= iz 2CAiCAi Im H%’A' (13)

The imaginary parts of the lowest order one-loop polar-
ization parts, required for the differential cross sections, are
evaluated at finite density and temperature. These retarded
polarizations characterize the medium response at the mean
field level. These functions depend upon the individual con-
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centrations, which are controlled by the effective chemical
potentials v; and the corresponding effective masses M¥, for
which a many-body description of the multicomponent
system is required (see § 3).

Analytic closed form expressions for the density-
dependent polarization functions at zero temperature have
been evaluated by Lim & Horowitz (1989). The finite tem-
perature polarizations have been investigated by Saito,
Marayuma, & Soutame (1989). However, we are not aware
that closed form analytical formulae for the finite tem-
perature retarded polarizations have been reported else-
where in the literature. Here we provide simple analytical
formulae for these polarizations in the spacelike region
(g0 < |q| and g2 < 0). The integral forms of the finite tem-
perature correlation functions and their simplification are
discussed in the Appendix. The results for the various polar-
izations (for one species of the target particles) are

2
q
Im HT:4T;3 I, +q01]

1 G 9
S NG VRSN T 14

IH '
Im HL=27[’; |:12+‘1011 4 Io:l, (15)
M*2
ImII, = 1 16
m A 27rq 0> ( )
7
Im HVAz—ua[qOIO+211]. 17

8ngq

Above, I, I,, and I, are phase-space integrals. Each phase-
space integral consists of two contributions:

I=I} +I7, i=0,1,and 2, (18)

where the superscript plus refers to particle excitations and
the superscript minus to antiparticle excitations. At finite
temperature, both particle and antiparticle excitations con-
tribute, although the latter contribution is exponentially
suppressed by the factor exp (—u/T). Explicit analytical
forms for the phase-space integrals are

I = g0 — T&f (19)
G=tg-B-mg et @
%

I3 = qov? +V‘10+340T2 3

F2T3EE —2e_ T2 + 2 TEE,  (21)

where the factors ¢ may be expressed as differences of
polylogarithmic functions Li, as

af = exp <%> and of = exp <e k;"_ v) .

(23)

The polylogarithmic functions

Lifz) = f L"Tl(x) dx, Li,(x)= log(l—x) (24)
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are defined to conform to the definitions of Lewin (1983).
The factor e_ in the above equations is the kinematic
lower limit and is given by

do 4 M*?
== 44—, @25
e R + 7] )

u
The quantities M* and v are the effective mass and effective
chemical potential of the particle, respectively (see § 3).

The above formulae are valid for g, > 0. We can extend
them to the case g, <0 using the principle of detailed
balance, which ensures that

Im IT(go < 0) = exp (—|qol/T) Im I(go 2 0) . (26)

These analytical expressions allow us to understand the
behavior of the correlation functions with both density and
temperature. This particular representation for the rela-
tivistic response functions permits one to calculate accu-
rately the cross sections in all regimes of matter degeneracy.
This is especially important in multicomponent dense
matter, where one expects to encounter different levels of
degeneracy for each particle species. Note also that this
approach incorporates the effects of strong interactions
through modifications of the particle propagators. In addi-
tion, the time-consuming and often problematic numerical
integration required to evaluate the phase-space integrals
(see eq. [A16] in the Appendix) is avoided.

The total inclusive scattering rate for neutrinos from a
hot and dense system is obtained by integrating over the
allowed kinematic region in the w-q space. Explicitly,

O'(E) G2 E 2E—qo
= d
| 4 27[2E2 J; © 9o lq0]

xdlqllqlq;[AR, + R, + BR;].  (27)

Note that the total cross section per unit volume, which has
the dimension of inverse length, gives the inverse collision
mean free path. Various other transport coefficients, such as
the diffusion coefficient and the thermal conductivity, can
also be obtained in a similar fashion.

3. COMPOSITION OF NEUTRON STAR MATTER

To explore the influence of the presence of hyperons in
dense matter, we employ a relativistic field theoretical
model in which the interactions between baryons are medi-
ated by the exchange of o, w, and p mesons. The full
Lagrangian density is given by (Serot & Walecka 1986):

L=Lg+ L,
= ; B(—y"0, — gup?" — 9,57"b, * t — M + g,50)B

- %VVMV W + %mi CO” " — %Buv B" + %mlzr pupu

+ $0,00" ¢ + 3mZ2o* — U(o)

+ Y (—iy*d, —m)l.

l

Here, B are the Dirac spinors for baryons and ¢ is the
isospin operator. The sums include baryons, B =n, p, A, Z,
and E, and leptons, /| =e¢~ and u~. The field strength

tensors for the w and p mesons are W,, = 0, w, — 0, w, and
B, =0,b,— 0,b,, respectively. The potential U(o) rep-

v
resents the self-interactions of the scalar field and is taken to
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be of the form
U(o) = 3bM (9,5 6)* + c(g,n0)* . (28)

Electrons and muons are included in the model as noninter-
acting particles, since their interactions give small contribu-
tions compared to those of their free Fermi gas parts.

In the mean field approximation, the partition function
(denoted by Z) for the hadronic degrees of freedom is given
by

1 1 1
InZ, = ﬁV[E m2 wz + 3 m? b} —3 m2¢? — U(a):|

a3k
—_— —B(EB*—vB)
+2V EB f(Zn)3 In(1+e ), 29)

where B = (kT)~ ' and V is the volume. The contribution of
antibaryons is not significant for the thermodynamics of
interest here, and is therefore not included in equation (29).
Here, the effective baryon masses M¥ = Mz — g,50 and
E¥ = (k* + M%2)'2, The chemical potentials are given by

Bp = Vg + gop®o + gpptspbo , (30)

where t55 is the third component of isospin for the baryon.
Note that particles with ;5 = 0, such as the A and X° do
not couple to the p. The effective chemical potential v, sets
the scale of the temperature dependence of the thermody-
namical functions.

Using Zy, the thermodynamic quantities can be obtained
in the standard way. The pressure Py = TV 'InZ,, the
number density for species B, and the energy density & are
given by

&k
(2m)°

ng=2 (eﬁ(EB*—vB) + 1)—1’

1 1 1
3H=§m§02+ U(a)-{-imiw%-i-imf,bé

+2 Z @’k Ex(ePEs* =D 4 1)1 (31)
B (275)3 i .

The entropy density is then given by s5z = f(ey +

Py — ZB KpNp). ) o
The meson fields are obtained by extremization of the
partition function, which yields the equations

2 _ 21 _
mwwo_zngnB’ mpbo_zngt3BnB,
B B

dU(o) d*k M3 . _
2 = —2 2B (,B(Ep*—vB) 1
m2 o T +2 %: JoB f(2n)3 E: (e +1)7 1.

(32)

The total partition function Z, ,,, = Z, Z,, where Z, is the
standard noninteracting partition function of the leptons.
The additional conditions needed to obtain a solution are
provided by the charge neutrality requirement and, when
neutrinos are not trapped, the set of equilibrium chemical
potential relations required by the general condition

Wi =bipw, — gy, (33)

where b; is the baryon number of particle i and g; is its
charge. For example, when [ = e, this implies the equal-
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ities
KA = Hso = Hgo = Uy
HUs- =.uE—=ﬂn+ue,
By = Hg+ = [y — He - (34)

In the case where the neutrinos are trapped, equation (33) is
replaced by

i = by — g — 1) - (3%)
The new equalities are then obtained by the replacement
U= fo — M, in equation (34). The introduction of addi-
tional variables, the neutrino chemical potentials, requires
additional constraints, which we supply by fixing the lepton
fractions, Y;;, appropriate for conditions prevailing in the
evolution of the protoneutron star. The contribution to
pressure from neutrinos of a given species is P, =
(1/24n*)3.

In the nucleon sector, the constants g,y, g,~> g,n» b, and ¢
are determined by reproducing the nuclear matter equi-
librium density n, = 0.16 fm ~3, and the binding energy per
nucleon (~ 16 MeV), the symmetry energy (~ 30-35 MeV),
the compression modulus (200 MeV < K, < 300 MeV),
and the nucleon Dirac effective mass M* = (0.6—0.7) x 939
MeV at n,. Numerical values of the coupling constants so
chosen are shown in Table 2. This particular choice of
model parameters is from Glendenning & Moszkowski
(1991) and will be referred to as GM1 hereafter. The preva-
lent uncertainty in the nuclear matter compression modulus
and the effective mass M* does not allow for a unique
choice of these coupling constants. The high-density behav-
ior of the EOS is sensitive to the strength of the meson
coupling constants employed. Lacking definitive experi-
mental and theoretical constraints, this choice of param-
eters may be considered typical.

The hyperon coupling constants may be determined by
reproducing the binding energy of the A hyperon in nuclear
matter (Glendenning & Moszkowski 1991). Parameterizing
the hyperon-meson couplings in terms of nucleon-meson
couplings through

9sH Jon 9o
XoH = s XoH = > XpH = ’ (36)
oN JoN pN

the A binding energy at nuclear density is given by

(B/A)A =-8= XA JoN Do — XA 9N 00 > (37)
in units of MeV. Thus, a particular choice of x,, determines
X, Uniquely. To keep the number of parameters small, the
coupling constant ratios for all the different hyperons are
assumed to be the same. That is,

Xg = Xgn = Xo3 = Xz = 0.6, (38)
and similarly for the w,
Xy = Xpn = Xoz = Xz = 0.653 . (39)
The p-coupling is of less consequence and is taken to be of
similar order, ie., X, = X,.
TABLE 2

NUCLEON-MESON COUPLING CONSTANTS

9o/m,  go/Me  G,/m,
Model (fm)  (fm)  (fm) b ¢ M*/M
GMl...... 3434 2674 2100 000295 —000107  0.70

Note—Constants from Glendenning & Moszkowski 1991.
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3.1. Composition in a Cold Catalyzed Neutron Star

Old and cold neutron stars are essentially neutrino-free.
In Figure 1, we show the relative fractions, Y; = n;/n,, of the
baryons and leptons in charge neutral and S-equilibrated
neutrino-free matter at zero temperature. The upper panel
shows the concentrations for the case in which only the
nucleonic degrees of freedom are allowed. The lower panel
contains results for the case in which hyperonic degrees of
freedom are also allowed. For the model parameters
chosen, the X~ hyperon appears at a density lower than the
A hyperon. This is because the somewhat higher mass of the
X~ is compensated by the presence of the e~ chemical
potential in the equilibrium condition of the X~. More
massive and more positively charged particles appear at
higher densities. With the appearance of the negatively
charged X, which competes with leptons in maintaining
charge neutrality, the lepton concentrations begin to fall.
The important point is that, with increasing density, the
system contains many baryon species with nearly equal
concentrations.

It should be pointed out, however, that moderate changes
in the poorly known X and E couplings have large effects on
the appearance of negatively charged particles (Mares,
Friedman, & Jennings 1995; Prakash et al. 1996). Increas-
ing the coupling constants of a hyperon species delays its
appearance to a higher density. This is because the thresh-
old condition, equation (35), receives contributions from the
g, o, and p fields, the net result being positive due to that of
the w. If all the couplings are scaled up, the positive contri-
bution becomes larger, and hence the appearance of the
particle is delayed to a higher density. Clearly, the thresh-
olds for the strange particles are sensitive to the coupling
constants, which are presently poorly constrained by either
theory or experiment. Notwithstanding these caveats, it is
clear that one or the other hyperon species is likely to exist
in dense matter.

3.2. Composition in an Evolving Newly Born Neutron Star

The protoneutron star formed subsequent to the core
bounce, and its early evolution has been investigated in
earlier works (Burrows & Lattimer 1986; Keil & Janka

1

0.01

0.01

0 . 0.48 0.64

ng (fm=%)

Fi1G. 1.—Particle fractions, Y; = n,/n, at zero temperature, for the model
GM1. The upper panel refers to nucleons-only matter. The lower panel
shows results in matter with hyperons.
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1995). Detailed studies of the dynamics of core collapse and
supernova indicate that within milliseconds of the shock
wave formation the core settles into hydrostatic equi-
librium, with a low entropy and large lepton content. The
electron lepton fraction Y;, = Y, + Y,_at bounce in the inte-
rior is estimated to be about 0.4. The electron-type neu-
trinos formed and trapped in the core during collapse are
degenerate with a chemical potential of about 300 MeV. In
the case of muons it is generally true that, unless u > m, ¢?,
the net number of u’s or v,’s present is zero. Because no
muon-flavor leptons are present at the onset of trapping,
Y, = —Y,. Following deleptonization, Y, =0, and Y, is
determined by u, = p, for p, > m, c* and is zero otherwise.

The entropy per baryon, S, in the interior is low, of order
unity, which corresponds to temperatures between 5 and 30
MeYV in the interior. The temperature and entropy increase
as one moves from the center outward (Burrows & Lattimer
1986). At the very early stage, the electron neutrino chemi-
cal potential is largest in the center and drops appreciably
as a function of the distance from the center. This gradient
in the electron neutrino chemical potential is primarily
responsible for driving the deleptonization phase. During
the early deleptonization phase, the neutrino reheating of
matter increases the central temperature. This, coupled with
other diffusive processes, reverses the temperature gradient.
On timescales of about 10-15 s, the central temperature is
raised to about 50 MeV (S ~ 2) and decreases outward.
This marks the onset of the cooling phase in the central
regions of the star. The conditions at the onset of deleptoni-
zation and cooling are thus significantly different. In
summary, the composition and temperature in the central
regions of the star at the beginning of deleptonization are
characterized by a high lepton fraction (Y., = 0.4) and low
entropy (S ~ 1), while the cooling phase is characterized by
a low neutrino fraction (Y, ~ 0) and high entropy (S ~ 2).

For a full treatment of neutrino transport during the
evolution, opacities for a wide range of composition and
matter degeneracy are required. The dynamical changes in
the lepton fraction and the temperature modify the com-
position of matter and the typical neutrino energies in the
inner core. In addition, there are structural changes in the
interior associated with changes in Y;, and T (Prakash et al.
1996). Computer simulations of the evolution account for
these effects dynamically. Here, we have identified two
important and distinct phases during the early evolution
based on such simulations (Burrows & Lattimer 1986; Keil
& Janka 1995), in order to highlight the role of neutrino
scattering.

3.2.1. The Deleptonization Phase

For typical conditions in this phase, Y;, =04 and
T =20 MeV, Figure 2 shows the concentrations of the
various species. The top panel shows results for matter with
nucleons only. The bottom panel refers to the case in which
hyperons are present. In both cases, neutrino trapping sig-
nificantly alters the composition from the neutrino-free case
(see Fig. 1). This is because u = p, — p,, is much smaller
than p, in the neutrino-free case. This results in large elec-
tron, and hence, to satisfy charge neutrality, large proton
concentrations. Also, the appearance of hyperonic com-
ponents is delayed to higher densities; in particular, the
concentrations of electrically charged hyperons are sup-
pressed. Finite temperature effects on the composition are
less significant, and in general favor the presence of strange
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Fi1G. 2.—Particle fractions in the deleptonization phase (T’ = 20 MeV).
The lepton fraction Y,, = Y, + Y, is chosen to be 0.4.

baryons. Relative to nucleons-only matter, the neutrino
chemical potential and hence the neutrino concentrations
increase substantially with density in matter containing
hyperons. This introduces an important distinction between
the opacities in matter containing only nucleons and in
matter containing hyperons as well.

3.2.2. The Cooling Phase

In this phase, p,, ~ 0. Figure 3 shows the concentrations
Y, for a typical T = 50 MeV. Here the strangeness-bearing
components occur at significantly lower densities than in
the neutrino-trapped case. A comparison of the two panels
shows that in strangeness-rich matter, the X~ hyperons
effectively replace the leptons in maintaining charge neu-
trality. The increasing abundance of the neutral particles A
and X° has important consequences for neutrino scattering.
Although the lowest order contributions from the neutral A
and X° are smaller than those of the £~ and Z~ (see Table
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>T 01
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F16. 3.—Particle fractions in the cooling phase (T = 50 MeV and Y, = 0)
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1), their presence furnishes baryon number, which decreases
the relative concentrations of nucleons. (In contrast, neu-
trons are the most abundant particles in nucleons-only
matter.) Relative to neutrino-trapped matter (Fig. 2), the
larger temperature and the absence of a neutrino chemical
potential both contribute synergically to enhance the
hyperonic fractions.

There exists an unambiguous difference between the del-
eptonization (neutrino-trapped) and cooling (neutrino-free)
phases (Prakash et al. 1996). Neutrino trapping delays the
appearance of hyperonic components to higher baryon den-
sities. This implies that during the early deleptonization
phase, matter consists mostly of nonstrange baryons, except
possibly at high densities. The cooling phase is character-
ized by the presence of a substantial amount of strangeness-
rich hyperons, as they appear at lower densities. Thus, we
may expect modifications to the neutral-current scattering
resulting from strangeness to be quantitatively different
during the two phases. In the following section, we present
the scattering cross sections in both these phases.

4. NEUTRINO SCATTERING CROSS SECTIONS

We turn now to quantitative results for the neutrino scat-
tering rates. The differential and total cross sections are
evaluated per unit volume of matter, and the contribution
from each particle species is summed over. The results pre-
sented here take into account strong interaction and finite
temperature effects through the finite temperature mean
field response functions. In order to calculate the differential
cross sections using equation (9), the chemical potentials of
all particle species, the temperature, and the mean fields
need to be specified. These are provided by the calculations
described in § 3. For the EOS employed, the density in the
central regions of the star is in the range of 3—7 times the
nuclear saturation density (Prakash et al. 1996), so, for the
most part, we choose to focus on a representative density of
ng = 0.64 fm 3.

4.1. Influence of Composition and Temperature

A first orientation to the interaction corrections and finite
temperature effects on the neutrino scattering rates is pro-
vided by investigating pure neutron matter. Figure 4 shows
the effect of varying density on the differential cross sections
[solid curves 1(a) and 2(a)]. The curves labeled 1 and 2 refer
to ng = 0.32 fm 2 and ny = 0.64 fm~3, respectively. For
comparison, the corresponding results for a free Fermi gas
are also shown [dashed curves 1(b) and 2(b)]. Relativistic
effects from the matrix elements and phase-space consider-
ations are both small for noninteracting baryons. These
effects, however, significantly influence the mean field
response. In particular, the response is sensitive to the effec-
tive mass and the effective chemical potential. Scalar inter-
actions, which generate nucleon effective masses that
decrease with increasing density, considerably alter the
response in comparison to that of a free Fermi gas. For
small w, interactions lead to a suppressed cross section,
while the large-w cross sections are enhanced.

Figure 5 illustrates finite temperature effects on the differ-
ential cross sections in pure neutron matter. At zero tem-
perature, only the positive @ excitations are present, since
negative o excitations are blocked by the Pauli principle.
However, changing the temperature on the scale of the
energy transfer w furnishes a sufficient number of particles
in excited states. This gives rise to a significant amount of
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F1G. 4—Neutrino differential scattering cross sections in pure neutron
matter at T = 10 MeV. Curves labeled 1 and 2 refer to baryon densities of
ny = 0.32 fm 3 and n, = 0.64 fm~3, respectively. Curves labeled 1(a) and
2(a) are results with interactions as in a mean field theoretical model. Those
labeled 1(b) and 2(b) are results for a free Fermi gas.

negative o response (Iwamoto & Pethick 1982; Sawyer
1989). This is true even if the temperature is very small
compared with the target particle Fermi energies. For posi-
tive w, finite temperature corrections depend on the density.
For low baryon densities, even temperatures of order a few
tens of MeV render the system nondegenerate. Hence, the
positive o response shows considerable sensitivity to tem-
perature (upper panel). With increasing density, when
matter becomes increasingly degenerate, effects of tem-
perature are negligibly small for @ > 0 (lower panel).

The response of a multicomponent system is significantly
different from that of a single component system. At a given
density, the concentrations and the effective masses of the
individual particles, and their specific coupling to the neu-

15 ———————————————————
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F1G. 5—Neutrino differential scattering cross sections in pure neutron
matter at T = 10, 20, and 50 MeV. Interactions as in a mean field theoreti-
cal model are included. Upper panel results are for ny = 0.16 fm~® and
lower panel results are for ny = 0.64 fm 3.
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FiG. 6.—Neutrino differential scattering cross sections in charge-
equilibrated matter at zero temperature. Upper panel results are for matter
with nucleons only. The lower panel shows results in matter with hyperons.

trinos, determine the total response. These features are illus-
trated in Figures 6 and 7, where we contrast the differential
cross sections at ny=0.64 fm~3 and T =30 MeV in
nucleonic matter and in matter with strange baryons. The
contribution of each particle species is shown separately in
these figures. At zero temperature (Fig. 6), the particles are
all degenerate and only positive w excitations are present.
The contributions from the X~ and the A dominate the
neutron contribution in the low-w region (lower left panel).
This may be roughly understood in terms of the magnitudes
of the product of two factors for the various particles. The
first factor is v? = kf, + M}* (true only at T = 0), which
reflects the composition and the effective mass. The second
factor is C7, + 3C2, and is a measure of the neutrino coup-
ling. The dominance of the X~ is due to the fact that both
factors above are much larger than those for the A and the
neutron. Notice also that since v, > v, at this density, the

25 . . . . : . . . —
I ng=0.64 fm=® & T=30 MeV
20 E,=100 MeV & |q|=50 MeV

V-1d30/d0? dw(10-8 MeV-! cm™!)

FiG. 7—Same as Fig. 6, but for charge-equilibrated matter at T = 30

MeV.
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contribution from the A’s is comparable to those from neu-
trons despite the fact that its effective coupling is relatively
smaller (see Table 1). At finite temperature (Fig. 7), the
o < 0 response is opened up. Further, the sharp falloff in
the cross section (for w > 0), associated with the X~
hyperon, is smoothed out. Due to the varying degeneracies,
the responses of the different particle species are different.
Most significant changes occur in the region where
o/T ~ 1.

In what follows, we study the differential and total cross
sections at finite temperatures, densities, and compositions
relevant to the early evolution of a newly born neutron star.

4.2. The Deleptonization Phase

Here we calculate the cross sections at a baryon number
density ny = 0.64 fm~3, temperature T =20 MeV, and
lepton fraction Y;, = 0.4, which are representative values in
the central regions at the beginning of this phase. The com-
position under these conditions was discussed in § 3.2.1.
Since neutrinos are degenerate, the relevant neutrino ener-
gies lie in the range 250—450 MeV. The effects of neutrino
degeneracy are incorporated by explicitly including the neu-
trino final state blocking factor 1 — f(E — u,, + ) in the
expression for the differential scattering cross section. The
neutrino chemical potential in the interior increases with
density (since Y;, is held constant at the value 0.4). At a
given density, only neutrinos close to the Fermi surface can
actively participate in the diffusion process. The different
neutrino energies chosen reflect the different neutrino
chemical potentials in matter with nucleons and hyperonic
components. Figure 8 shows a comparison of the differen-
tial cross sections in normal and strangeness-rich matter.
Note that electrons, due to their large concentrations, con-
tribute nearly as much to the cross sections as the neutral
particles. Further, the X~ hyperons provide the dominant
contributions.

The total cross sections are calculated by integrating over
the allowed kinematical region, accounting for the final
state neutrino blocking. Figure 9 shows the energy depen-
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F1G. 8—Neutrino differential scattering cross sections in charge-
equilibrated neutrino-trapped matter in the deleptonization phase. Upper
panel results are for matter with nucleons only. The lower panel shows
results in matter with hyperons.
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charge-equilibrated neutrino-trapped matter in the deleptonization phase.
Blocking of final state neutrinos is included.

dence of the cross sections at the fiducial values of nz = 0.64
fm~3 and T = 20 MeV. The neutrino chemical potentials in
matter with and without hyperons are set by the equi-
librium conditions. Neutrino final state blocking effectively
suppresses the cross sections for E, < u,. Neutrinos of
higher energy are unaffected by blocking; hence, the cross
section grows rapidly. In the degenerate regime, however,
lepton number and energy diffusion are dominated by neu-
trinos close to the Fermi surface. (Initial state probabilities
of high-energy neutrinos are small.) Thus, an appropriate
choice for the neutrino energy is the local neutrino chemical
potential, ie., E,, = u,,. In Figure 10, we show the density
dependence of the cross sections (upper panel) in normal and
strangeness-rich matter. The corresponding neutrino
chemical potentials are shown in the lower panel. The pres-
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F1G. 10.—Upper panel: Neutrino total scattering cross sections in
charge-equilibrated neutrino-trapped matter in the deleptonization phase.
The neutrino energy is set equal to the local neutrino chemical potential at
each density. Lower panel: Electron neutrino chemical potential.
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ence of strangeness causes the neutrino concentrations to be
significantly larger than those in normal matter. As a result,
the cross sections rise sharply with density in the presence of
strangeness, chiefly because of the substantial increase in
the neutrino energy.

4.3. The Cooling Phase

Here, we present results for thermal electron-type neu-
trinos. The extension to u- and z-type neutrinos and their
antiparticles, by incorporating the appropriate neutrino-
lepton coupling at tree level, is straightforward. (Neutrino
coupling to leptons is flavor specific, but their coupling at
tree level to the baryons is not.) The transport of nonde-
generate thermal y and t neutrinos is important at all times,
and thermal electron neutrino transport is important sub-
sequent to deleptonization.

In the cooling phase, neutrinos in the interior may be
assumed to be in thermal equilibrium with Fermi-Dirac
distributions and zero chemical potential; a typical thermal
energy is E, ~nT. Thus, a representative energy for
thermal neutrinos lies in the range 100—200 MeV. In Figure
11, differential cross sections are shown at a baryon number
density of ny = 0.64 fm™3 for E, = 200 MeV. Scattering
from the X~ hyperons dominates the contributions from the
other particle species in matter at small w.

The total cross section per unit volume or the inverse
collision mean free path is shown in Figure 12 for E, = 200
MeV in matter with and without hyperons. The results
highlight the density dependence of the cross sections. Here,
since the electron neutrino chemical potential is zero, neu-
trino final state blocking is unimportant. The presence of
hyperons in the cooling phase renders the interior more
opaque to neutrinos relative to nucleons-only matter. In
fact, contributions from hyperons dominate the total cross
section at high density. Clearly, composition can play an
important role in neutrino scattering also during the
cooling phase.

By contrast to the deleptonization phase, where only neu-
trinos close to the Fermi surface contribute to diffusion of
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F1G. 11.—Neutrino differential scattering cross sections in charge-
equilibrated neutrino-free matter in the cooling phase. Upper panel results
are for matter with nucleons only. The lower panel shows results in matter
with hyperons.
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lepton number, the transport of energy in the cooling phase
is determined by the cross sections of neutrinos of all ener-
gies. To understand the energy dependence, it is instructive
to consider the contributions from negative w (neutrino
gains energy) and positive w (neutrino loses energy) separ-
ately (see Fig. 13). The cross section grows linearly for scat-
tering when the neutrinos gain energy, while the cross
section grows approximately as E> for the case in which the
neutrinos lose energy. It is important to note that, for
thermal neutrinos, both contributions are important. The
negative o phase-space dominates for low-energy neutrino
(E, < nT) scattering, while the positive w phase-space
dominates at high energy (E, > nT). The precise form of the
energy dependence of the neutrino scattering rates is impor-
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FiG. 13.—Energy dependence of the neutrino total scattering cross sec-
tions in charge-equilibrated neutrino-free matter in the cooling phase.
Contributions from the positive energy transfer and the negative energy
transfer processes, and their sum, are shown in matter with nucleons only
(upper panel) and in matter with hyperons (lower panel).
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tant in calculations of the energy-averaged mean free paths
for thermal neutrinos (Prakash et al. 1996). Our results
suggest that an appropriate parameterization would be

V~16(E) = A(ng, T)E + B(ny, T)E? (40)

for the energy dependence for thermal neutrinos in the inte-
rior regions.

A detailed discussion of the various averaging schemes
employed in more complete treatments of neutrino trans-
port is beyond the scope of this work. We hope to address
these and related issues at a later time.

5. CONCLUSIONS

Our aim here has been to elucidate the effects of composi-
tion and of strong interactions of the ambient matter on
neutral-current neutrino scattering cross sections during the
deleptonization and cooling phases of the evolution of a
newly born neutron star. Toward this end, we have calcu-
lated the neutrino scattering cross sections in protoneutron
star matter, the constituents of which exhibit varying
degrees of degeneracy during the evolution of the star. In
both phases, the composition of matter is chiefly deter-
mined by the nature of strong interactions and whether or
not neutrinos are trapped in matter. In addition to the stan-
dard scenario, in which the strongly interacting particles are
only nucleons, we have explored the influence of the pos-
sible presence of strangeness-bearing hyperons on the neu-
trino scattering cross sections. An important feature of our
calculations is that the neutrino opacities are consistent
with the EOS of matter at finite temperature and density.

We have identified neutral-current neutrino interactions
with hyperons that are important sources of opacity. Sig-
nificant contribution to the neutrino opacity arises from
scattering involving negatively charged ¥~ and E~ hyper-
ons, chiefly due to their large vector couplings, C, ~ 2.
Although the contributions from the neutral A and X° are
smaller than those of nucleons, these particles, when
present, furnish baryon number which decreases the relative
concentrations of nucleons. This leads to a larger opacity
relative to nucleons-only matter. The neutrino cross sec-
tions depend sensitively on the Fermi momenta and effec-
tive masses of the various particles present in matter.
Whether or not a particular hyperon is present depends on
the many-body description of charge-neutral, beta-
equilibrated matter. We find that as long as one or the other
hyperon is present, the cross sections are significantly modi-
fied from the case of nucleons-only matter.

In the deleptonization phase (lepton number fraction
Y. =04 and T ~ 20-30 MeV), electron abundances are
significantly larger than those in a cold catalyzed star, since
neutrinos are trapped in matter, whether or not hyperons
are present. Consequently, electrons contribute nearly as
much as neutrons to the opacities. In neutrino-trapped
matter, the appearance of negatively charged hyperons (e.g.,
X 7) is delayed to higher densities (relative to neutrino-free
matter); also, their abundances are suppressed. However,
the presence of neutral hyperons, such as the A, results in
neutrino abundances that grow with density. This leads to
significant enhancements in the cross sections for neutrinos
(of characteristic energies close to the local neutrino chemi-
cal potential) compared to those in normal nucleonic
matter.

Modifications due to strangeness in the cooling phase are
quantitatively different from those in the deleptonization
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phase. In the cooling phase, in which matter is nearly
neutrino-free, the response of the £~ hyperons to thermal
neutrinos is the most significant. Although a comparable
number of A hyperons are present, neutrinos couple weakly
to this species, and, hence, their contributions are significant
only at high density.

Our findings here suggest several directions for further
study. The extension to include correlations between the
different particles and RPA corrections to the results
obtained here is in progress. The presence of charged par-
ticles, such as the 7, could make available low-energy
collective plasma modes through electromagnetic corre-
lations, in addition to the scalar, vector, and isovector
correlations. Calculations of neutrino opacities from
charged-current reactions (which are important during the
deleptonization phase), in strangeness-rich matter with con-
stituents exhibiting varying degrees of degeneracy, are
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required for a complete description of the evolution
(Prakash et al. 1992). This will be taken up in a separate
work. Effects of strangeness on lepton number and energy
transport may be studied by employing energy averages
(Rosseland means) of the opacities in present protoneutron
codes. Useful tables of such average opacities will be made
generally available. With new generation neutrino detectors
capable of recording thousands of neutrino events, it may
be possible to distinguish between different scenarios
observationally.

This work was supported in part by the US Department
of Energy under contract DOE/DE-FG02-88ER-40388 and
by NASA grant NAG 52863. We thank Jim Lattimer for
helpful discussions and for a careful reading of the paper.
We are grateful to David Kaplan and Martin Savage for
their help in the preparation of Table 1.

APPENDIX

The integral forms of the imaginary parts of the various polarizations that characterize the system’s response to the
neutrinos are collected here. The causal component of the density-dependent polarizations in equations (12) and (13) are given
by Saito et al. (1989). For spacelike excitations (g, < |¢[)and g; < 0, they are given by

d®p E¥* —|pl*cos? 0 .
Im Mygo, ) = 74 | s =g —— @ (A1)
&p q;/2—|p|*(1 — cos® 9o
Im HT(q()’ q) (2n)3 E* E;l;+q > (AZ)
d’p M*? — /4 +
Im Mgy, 4) = — f oo EE. O (A3)
d3p M*Z B
Im I1y(q0, 9) = o BE B 0o, (A4)
where
O = F*(E}, E}. ){0[qo — (E}+,— E})] + dlqo — (E} — E}. )]}, (AS5)
F*(E, E*) =f.(E)1 —f+(E*)] T f-(E)1 —f-(E®], (A6)

Ef =/IpP + M* . (A7)

Above, A =2 is the spin degeneracy factor. The particle distribution functions f,(E*) are the Fermi-Dirac distribution
functions

1
1+ exp [(E* Fv)/kT]’

where v is the effective chemical potential defined in equation (30). The angular integrals are performed by exploiting the delta
functions, and the three-dimensional integrals can be reduced to the following one-dimensional integrals:

Fo(E%) =

(A3)

i qﬁ * qO 2 | q |2 + +
Im IT;(q0, @) = i W dE| | E + — 2 [F™(E, E + q0) + F7(E + g0, E)] , (A9)
4 [~ * . lal? |61|2M"‘2 ' +
Im I14(q0, ) = 8714’ dE[ (E* + qo)" + B e [F(E, E + qo) + F"(E + q0, E)] , (A10)
e m
i a0 = 2 (= %) ["aBF 0. B a0 + PB4 00 B, (A1)
AM* [
Im IT,(q0, 9) = 8714] j dEQE + qo)[F(E, E + q0) + F(E + qo, E)] . (A12)
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The axial and the vector-axial polarizations entering the neutrino differential cross sections are related to the scalar and
mixed polarizations defined above through the following relations:

Im IT,(q0

o M
e —m=

Im Is(qo, 9) (A13)

Im ITy (40, 9) = W Im IT,,(q, q) - (A14)
The causal polarizations are related to the retarded or time-ordered polarizations through
m T1%(go, ) = tanh (—32) Im 11go, ¢) . (AL3)
2kT
The phase-space integrals
I, = tanh <2_qu(“)> f dEE"[F(E, E + q0) + F(E + q,, E)] (A16)

simplify the representation of the retarded polarizations. The one-dimensional phase-space integrals are explicitly evaluated
and expressed in terms of polylogarithmic functions. This representation is particularly useful in understanding the behavior
with density and temperature and is given in equation (21) in § 2. For our purpose, only the three integrals I, I,, and I; are

required. Their analytical representations are also given in § 2.
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