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We study the charged and neutral current weak interaction rates relevant for the determination of neutrino
opacities in dense matter found in supernovae and neutron stars. We establish an efficient formalism for
calculating differential cross sections and mean free paths for interacting, asymmetric nuclear matter at arbi-
trary degeneracy. The formalism is valid for both charged and neutral current reactions. Strong interaction
corrections are incorporated through the in-medium single particle energies at the relevant density and tem-
perature. The effects of strong interactions on the weak interaction rates are investigated using both potential
and effective field-theoretical models of matter. We investigate the relative importance of charged and neutral
currents for different astrophysical situations, and also examine the influence of strangeness-bearing hyperons.
Our findings show that the mean free paths are significantly altered by the effects of strong interactions and the
multi-component nature of dense matter. The opacities are then discussed in the context of the evolution of the
core of a protoneutron stqdiS0556-282(198)02813-4

PACS numbg(s): 13.15:+g, 26.60+c, 97.60.Jd

[. INTRODUCTION sistent with the underlying nuclear matter EOS.
Only a few attempts exidt10,17,18,27,2Pin which the

The transport of neutrinos is an essential aspect of simueffects of strong interactions on neutrino opacities were con-
lations of gravitational collapse, supernovae, protoneutrosidered. But these studies were not performed for the inter-
stars and binary mergers of compact objects. The neutrinasediate degeneracies that are often encountered in astro-
of all flavors emitted from newly formed neutron stars in physical environments. In the case of neutral current
supernova explosiongl] are the only direct probe of the opacities, the effects of stong interactions were investigated
mechanism of supernovae and the structure of protoneutrdier nuclear matter by Sawy¢t0] and for degenerate neutron
stars. The most important ingredient of neutrino transportnatter by Iwamoto and Pethidk.7]. Both of these efforts
calculations in these simulations is the neutrino opacity atreated nucleons in the nonrelativistic limit and predicted in-
supra-nuclear densitj2—8]. Yet, to date, calculations of creases in the mean free paths by factors~&—3, for
neutrino opacities in dense matter have received relativelgensities in the range of-24 times the nuclear saturation
little attention compared to other physical inputs such as thelensity fi,=0.16 fm 3). Subsequently, relativistic calcula-
equation of stat¢EQS. tions based on effective Lagrangian models for hot, but

Both charged current absorption and neutral current scatieutrino-poor neutron star matter were performed by Horow-
tering reactions are important sources of opacity. Neutraitz and Wehrbergef27]. The neutral current differential
current processes involve all flavors of neutrinos scatteringross sections were calculated using linear response theory
on baryons and leptons. While scattering from electrons isind mean free paths were found to be factors of-23imes
important for energy and momentum transfer in the procesthat for noninteracting nucleons. In the case of charged cur-
of thermalizing neutrinos, for both energy and lepton numberent interactions, the effects of interactions have been con-
transport, neutrino-baryon scattering and absorption are theidered by Sawyef10] for nondegenerate matter and by
dominant processes. Goodwin and Pethickl18] for degenerate matter.

Earlier work on neutrino interactions in matter at supra- Schinder's exact results for noninteracting nucleons are
nuclear densities that have shaped our discussion in this paxpressed in terms of a lengthy series of Fermi integrals. We
per are in Refg9—-32]. Various approximations have almost have found, however, a simplification to Schinder’s results
always been made in the calculations of neutrino cross sedhat not only expresses them in numerically simpler fashion
tions. These approximations concern the degrees of degeas polylogarithmic functions, but are also easily generalized
eracy or relativity, the composition, or the effects of theto the case of interacting matter. In contrast to previous
baryon-baryon interactions. The cross section for neutrinowork, we calculate both neutral and charged current opacities
nucleon interactions has only been calculated exactly foincluding effects of interactions arising from the underlying
noninteracting gases by Schindg26] and for neutrino- EOS.
electron scattering by Mezzacappa and Brugdh. Other Another aspect of opacities which recent work has em-
workers have developed limiting expressions for noninteractphasized concerns the importance of including the multi-
ing gases for the purely elastic case, the completely degemomponent nature of dense matter on neutrino opacities.
erate case, or the completely nondegenerate case. In fa@rakashet al. [28] and Reddy and Prakadl29,33 have
most numerical simulations of supernovae, protoneutron stdadentified neutrino-hyperon absorption and scattering reac-
evolution, and binary neutron star coalescence, have entions as being important new sources of opacity. These in-
ployed limiting expressions, derived from those for noninter-clude absorption involving tha andX ™ hyperons and scat-
acting nucleonic matter, in which interactions were includedtering involving the ~ hyperon. These could play important
by simple scaling factori®,4,7,§. The results may be incon- roles in calculations of the neutrino signature of an evolving
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protoneutron star with hyperorn8]. In Sec. VII, we compare our results with those of previous
In this paper, we perform neutrino opacity calculations forworkers. In Sec. VIII, we apply our results to the neutrino
interacting matter of arbitrary degeneracy and composition abpacities encountered in a particular astrophysical event: that
supra-nuclear densities. Interactions between the leptons aoé a deleptonizing and cooling protoneutron star. Finally, we
negligible and will be ignored. Strong interactions betweensummarize and provide an outlook in Sec. IX. Appendices A
the baryons, however, significantly alter the energy spectrand B contain supporting material about the potential and
from their noninteracting forms, especially at high density.field-theoretical models of dense matter.
One of our objectives is to explore the extent to which inter-
actions among the baryons affect the neutrino cross sections. II. NEUTRINO CROSS SECTIONS
We will separately consider potential models that are inher- ) . .
ently nonrelativistic and relativistic field-theoretical models. ~ The total opacity of dense matter to neutrinos has contri-
Appendices A and B consider the formulation of these mogbutions from both neutral and charged weak currents. Neu-
els in some detail. We also include effects due to the multiiral currents are involved in neutrino-baryon scattering while
component nature of interacting matter and the possible pre§harged currents are involved in neutrino-baryon absorption
ence of strangeness in the form of hyperons. Where possiblégactions. We have considered neutral currents in [3ai,
we provide ana|ytica| expressions for both Charged and nedn Wth.h convenient (_expreSSIOnS for the differential and. total
tral current differential scattering cross sections for a giverscattering cross sections were established. Here, we will con-
EOS at a fixed density, temperature and lepton concentratiofgntrate upon deriving similar relations for the charged cur-
for given incoming neutrino energy and scattering angle. Théent absorption reacnons. Fu_rther, th_e formalism developed
most detailed transport codg], which solve the full Bolt- here.may be easily generalized tq include neutral current
zmann transport equation, require differential cross sectiong€actions so that the present work in effect extends and re-
However, simpler transport methofé—8] only need angle Places Ref[33]. . .
and/or energy averaged opacities, which can be usually ex- The neutrino energies of interest to us are Iess than a few
pressed in the form of mean free paths. In this paper, t(lglundred_ MeV; we may thus write the relevant_ interaction
facilitate comparisons between our results and those invoh-agdrangian from Wienberg-Salam thedi§6—3§ in terms
ing various approximations, we present numerical results foPf @ current-current interaction
mean free paths, leaving for subsequent publications detailed

results for the general opacities. In particular: we prg_sent Eicnct:E |t for v +By,—I+B, D
results for mean free paths for thermodynamic conditions J2 #
relevant to the evolution of protoneutron stars.
The paper is organized as follows. In Sec. I, we summa- .
rize the basic relations needed to calculate both absorption Ne=—0 I;j‘z‘ for v +By,— v +By, (2

int™
and scattering opacities in hot and dense matter. We will V2

consider in Sec. Il the |dea!|;eq situation in which the bary'whereG,::l.43®< 10749 erg cnm ® is the Fermi weak cous-
ons are treated as nonrelativistic, the leptons are assumed t

be massless, and the baryon-baryon interactions are ngﬁng constant anij the Cati'b bo factor= CSSQC for change
glected. In this case, the baryon energy spectra has the form strangenesa S=0 andC=sin 6 for AS=1 . The lepton
E=p?/2M. Our results lead naturally to previously obtained and baryon weak charged currents are

limiting cases such as the degenerate, nondegenerate, and

elastic approximations. We will next consider, in Sec. 1V, the
nonrelativistic Skyrme-like potential mod¢B4], in which
the spectrum is given bf=p?%2M* +Uyg, Where Uygr
denotes the density-dependent potential contributionMhd _ 1

is the Landau effective mass, which is also generally density .= ¥7,(1=¥s)¥y,  jz=5¢a7*(Cy=Cays) Y2, (4)
dependent. Next, in Sec. V, we will consider the effective

field-theoretical Walecka-type modg35] at the mean-field where 2 and 4 are the baryon initial state and final state
level in which the spectrum iE=\/p?+M* "+ Ug, where labels, respectivelythese are identical for neutral current
M*, the Dirac effective mass, ardg, which accounts for reaction$. Other particle labels and four-momerRaare as
interactions of the fields, are both generally density depenshown in Fig. 1a) for the charged current reaction and Fig.
dent. The kinetic parts in both nonrelativistic and relativistic1(b) for the neutral current reaction. The vector and axial-
approaches contain the effects of interactions insofar as theyector coupling constantp, andg, are listed in Table | for
depend on density-dependent effective masses; further, ithhe various charged current reactions of interest. Similarly,
both cases, the momentum dependence of the kinetic enerdlye couplingscy andc, for the neutral current reactions are
is formally identical to their noninteracting counterparts. Thelisted in Table Il. Generally, the. and 7 neutrino charged
evaluation of the cross section is therefore similar to the caseurrent reactions are kinematically suppresge@nd 7 neu-

of noninteracting baryons for these particular models. Therinos are thermally produced so that their energies are of
numerical results, however, are sensitive to the presence ofder T<m,. On the other hand, neutral current reactions
interactions. In Sec. VI, we show how additional baryonicare common to all neutrino species and the neutrino-baryon
components, such as hyperons, affect the neutrino opacitiesoupling is independent of neutrino flavor. Neutrino cou-

|#:%7M(1_7’5)¢’w b= sy (Qy—0ays) 2. (3

Similarly, the baryon neutral currents are given by
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e~ (a)Absorption: B, TABLE II. Neutral current vector and axial couplings. Neutral
current couplings with baryons of all neutrino species, including
antineutrinos, are identical, arldstands fore-, u-, or 7-type
neutrinos. Neutrino interactions with leptons have the same matrix
elements as those with antineutrinos of the same flavor. For correc-
tions arising due to explicit S@3) breaking terms, see Rg#0].

Reaction Cy Ca
Vet e —uvete” 1+4 sirt6,=1.92 1
R T 1+4sirf6,=1.92 1
Vet ™ —vetu” —1+4 sirf6,=—0.08 -1
v,,+e —wv, +e —1+4sirfay=—0.08 -1
vi+nNn—y+n -1 —-D-F=-1.23
n+p—v+p 1— 4 sirf6,=0.08 D+F=1.23
. y+A—-y+A -1 —F-D/3=-0.73
v (b)Scattering: B, n+3 " —p+3S"  —3+4sirf4,~—2.08 D—3F=-0.68
A+ T+t 1—4 sirt6,~=0.08 D+F=1.23
n+30-p+30 -1 D-F=0.28
nw+E —y+E~  —3+4sife,=—2.08 D-3F=-0.68
n+E0—y+E° -1 -D-F=-1.23
n+30=p+A 0 2D/\3=0.87

current semi-leptonic decays of hyperons[&@@]: D=0.756,
F=0.477, siRf,=0.23 and sirg,=0.231. Note that the am-
plitude for the strangeness changing charged current is sup-
B, pressed by the factor s#fi. These couplings follow from
SU(3) flavor symmetry for the baryons and the quark model.
1 Corrections arising due to explicit $8) breaking terms
FIG. 1. Lowest order Feynman diagram for+B,—|+ B,. have been recently investigatgdi0] and in some cases are
The symbolsB; and| denote baryons and leptons, respectivély. ~about 10—30 %.

are the particles’ four-momenta amﬂf(%ﬁ) is the four- The cross section per unit volume of matter equi_va-
momentum transfer. Figur@) is the absorption reaction and Fig. lently the inverse collision mean free patimay be derived
(b) is the scattering reaction. from Fermi’'s golden rule and is given by

pling to leptons in the same family is modified since the
scattering may proceed due to bathandZ exchange; the o(Ey) dp, [ d3ps [ d3p,
couplings shown in Tables | and Il reflect this fact. Numeri- v f 3f 3f 3
cal values of the parameters that best fit data on charged (2m)*) (2m)*) (2m)
X (2m)*6%(Py+Py—P3— Py Wy

TABLE I. Charged current vector and axial couplings. Numeri-
cal values are quoted using=.756 , F=0.477, sif&,=0.23 and X f5(Ep) (1—f3(E3))(1—f4(Ey)), 6)
sirfg,=0.053(see Ref[39]). The couplings for the same reactions
involving antineutrinos are identical, arldstands fore-, w- or
7-type leptons. For corrections arising due to explicit($Ubreak-

; whereP; = (E; ,ﬁi) denotes the four-momentum of particle
ing terms, see Ref40].

[particle labels are as shown in Figiaf] and the transition

Reaction gv Ja AS rate W; is

y+n—l"+p 1 D+F=1.23 0

M+3 =l +A 0 \V2/3D=0.62 0 (M2

n+3 =1 +3° V2 V2F=0.67 0 (py— (6)
n+30—1"+37" -2 —\2F=-0.67 0 2°E1EoE3E,

n+HA—IT+ST 0 —\2/3D=—-0.62 0

n+A—l"+p -\32 —\32(F+D/3)=0.89 1 _ _

n+301"+p 1 J1/2D=0.54 1 Above, | M|? is the squared matrix element and the symbol
n+3 =1 +n -1 D—F=0.28 1 (-) denotes a sum over final spins and an average over the
vetpu —v,te 1 1 0 initial spins. A common expression for both scattering and

absorption may be written
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=0. These are situations encountered in the evolution of a

Wii=GE| (V+A)2(1—v, Co1p) (1~ v, COHa,) protoneutron staf43], as discussed further in Sec. VII.
+(V=A)*(1~v, C0H3)(1—v4 COHyy) l1l. NONRELATIVISTIC NONINTERACTING BARYONS
M?2 o .
—(VZ—AZ)E £ (1-cody) |, (7) For baryon densitiesig<5n,, wheren,=0.16 fm 3 is
2E4

the empirical nuclear equilibrium density, and in the absence
of interactions which could significantly alter their effective
masses, baryons may be considered as nonrelativistic. The
expression folW;; in Eq. (7) then simplifies considerably,
since the baryon velocities;<1. In this case, the terms
involving the baryon velocities may be safely neglected.
The particle velocities are denoted by=p;/E;, and the Howe_ver, the term inv_olving the an_gle t_)etwe(_an the initial
~ —~ and final leptons remains. For reactions involving nucleons,
angle between the momentum vectprsand p; is denoted  this term gives a small contribution, since it is proportional
by 6;; . Further,M is the bare nucleon mass. The functionsy, y2_ 42 por simplicity, and to make an apposite com-
fi(E) in Eq. (5) denote the particle distribution functions, narison with earlier results in which this term was also ne-
wh|ch in thermal equilibrium are given by the Fermi-Dirac glected, we drop this term in this section, but will return to a
functions more complete analysis in the succeeding sections.
Under these conditions, the transition r&e, becomes a

., \1"1
1+exp<E'T'u'” , (8)  constant,

where the vector and axial couplingysand A, in the case of
absorption, stand fo€g, and Cg,, respectively. For the
reactions of interesiy, and g, are listed in Table I. Simi-
larly, for the scattering reactions of intere$tand.4 stand
for ¢,/2 andc,/2, respectively, which are listed in Table II.

fi(Ei)=

Wi =G2(V2+3A42), 11
whereE; are the single particle energies; are the corre- f A ) A
sponding chemical potentials, afdis the temperature. independent of the momenta of the participating particles,

In general, the single particle energies and chemical poand the differential cross section is given by
tentials depend on the ambient matter conditions, i.e., the

density and temperature, and also on the interactions among 1 d3¢ g

the various particles. The various chemical potentials are de- PodE. E(V2+ 3A%)(1-1f3(E3)S(d0o.9),
termined by the conditions of charge neutrality and, in all but 3

the most extremely dynamical situations, chemical equilib-
rium. In some astrophysical situations, such as in the late
stages of core collapse and during the early stages of th&"e .
evolution of a protoneutron star, neutrinos are trapped ori-|dl, and the energy transfajo=E;—E;. The function
dynamical times within the mattei41,49 and chemical S(do.d). the so-called dynamic form factor or structure
equilibrium is established among the baryons and leptons. Ifnction, characterizes the isospin response of(tiunrela-

(12

here the three-momentum transf@s p;—ps, so thatq

this case, the chemical potentials satisfy the relation tivistic) system. It is simply the total phase space available to
transfer energygy and momentung to the baryons. We note
KB, ~ MB,= e~ My (9) that the differential cross section is needed in multi-energy

group neutrino transport codes. However, more approximate
These situations are characterized by a trapped lepton fraceutrino transport algorithms often only require the total
tion Y, =Ye+Y, , whereYe=(ne—ne+)/ng andY, =(n, ~ Cross section as a function of the neutrino energy. The cross

—n;,)/ng are the net electron and neutrino fractions, respecsSection per unit volume given in E5) then simplifies to

tively. The evolution of a protoneutron star begins from a o(Ey) &p

neutrino-trapped situation withf, ~0.4 to one in which the Tl=G§(V2+3A2)J 33 (1— f4(E5)S(q0,q),
net neutrino fraction vanishes and chemical equilibrium (2)

without neutrinos is established. In this case, the chemical (13
equilibrium is modified by settinge, =0. In all cases, the

condition of charge neutrality requires that d*p, [ d%p
9 yreq S(0.0)=2 [ 22 [ P (am)t54(P+ Py Py )
(2m)°J) (2m)
(+)+ (*) — (7)+ (=) 10
2 g =2 g e, (10 X1o(Ex) (1= 14(E2). 14
where the superscript's}() on the number densities sig- ~ The total cross section given by E@.3) can be recast as a
nify positive or negative charge. double integral in €o,q) space using d3ps

Although neutrino opacities are required for a wide range=2mq(E3/E;)dqgodq. Since E; ranges between 0 and,
of densities, temperatures, and compositions, for the moghe limits ofg, are —c andE;. The limits ofq are obtained
part we will display results for two limiting situations, by inspecting the relatiom?=EZ2+E3— 2E,E; cos6;; for
namely beta equilibrium matter with eith&f, =0.4 orY,  cosé3=*=1. Thus,|qo|<q<2E;—(,. One finds
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2
U(El) GIZ: 2 2 B E3 — M T[ z / g_)
=" —°r1— S(qp.9)= 1+—]], 21
2E1—do
><J ‘ dqaSqp,q). (15  where
Yo
This, of course, applies to both scattering and absorption Jo+ /2
. . . ; oM ~
with appropriate changes of particle labels and coupling con- Z= "5, KT M2 M
stants.
The integrals in Eq(14) can be performed analytically
and the result expressed in closed form for the noninteracting 1+ _ T
case and for certain models of interacting matter. The inte- &_=In expl(e— pz)/T) ,
gral over the final state momentupy in Eq. (14) may be 1+expl(e-+qo—uq)/T)
performed by exploiting the momentum delta function to ob-
tain 2 2 2
= 1(qo—qg/2M
_ P2 1(9%—¢ ). (22

1 ©CTIM T2 gzom
S(QO,Q):Z_WZJ d3p,8(do+Ep—Eg) f2(Ex) (L—f4(Ey)). a

(16 This result generalizes a result obtained earlier for noninter-

We note thalE4=(52+ﬁ)2/2M, and we ignore the differ- acting symmetric nuclear mattpt4], in WhiCh_/?,=0, to th_e
ence betweem, and M, as it is small compared to other case of asymmetric nuclear matter for conditions of arbitrary

energy scales at high density for noninteracting matter. w&degeneracy. This result, which we further generalize to in-

may rewrite the energy delta function in terms of the anglec!Ude nuclear interactions in the next section, proves to be
> > the key to being able to efficiently calculate opacities. These
betweenp, andq:

results are easily specialized to the case of scattering by not-
ing that particle labels 2 and 4 are identical; thus= 4.

8(qo+E>,—Es)= ﬂz‘S(cos 6—cos 00)®(p§— p?), The integrals in Eq(15), even with an analytical expression
P29 1 for S(qp,q), require numerical evaluation; closed form ex-

17 pressions for arbitrary degeneracy cannot be obtained. How-

where ever, in some limiting cases these integrals become analytic

and correspond to results obtained earlier and which are of-
q?\? ten used in astrophysical simulations.
Jo— m) (18 Highly degenerate baryon&u;/T>1). In this situation,
the participating particles all lie close to their respective
Fermi surfaces. In this case, tlgeintegration may be per-
formed trivially, since the factor (% £_ /z) may be replaced

cos @ :ﬂ _q_z 2=M_2
0= .9 Qo= 5p ) P- o

and®(x) =1 forx=0 and zero otherwise. Substituting these
results in Eq.(16) and performing the angular integrals we

obtain by ©(u,—e-) or, equivalently,®(q—(pr,—Pr,)), Where
0(x)=1 for x=0 and zero otherwise. The integration to be
M (= erformed is then
S(do, )= w_qf dpopofa(Ex)(L—f4(Es)). (19 P
p_
.. . . . . 2E1—qg
The remainingp, integral is performed by using the relation q:f ‘ dq@(q—(ppz—pp4))
f dx 1 0 )
L+ expx) T+ exp—x2) = [ dg0@-(pe,-pr). 23
1 1+expx) g

T T loexp—2) N Itexpx+2z)

(20)
where in writing the rightmost relation, we have set
Thus, the free gas isospin density response function is givegy= — &, since the exponentials in thg integral are highly

by peaked at this value at low temperature. Thus,
|
_[ 2E1®(;L_(DF2_F)F4)) for ;L>pF2_pF4
'™ (ZEl_;L_pF2+pF4)(2E1_;‘v—pF2+pF4) for /jtgsz_pFA- 24
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The upper limit on the remainingy integral can be replaced easily fulfilled. Similarly, strong interactions also tend to in-
by +« since the integrand vanishes exponentially for posi-crease the proton fraction, which in some cases allows Eq.
tive values ofg, due to final state Pauli blocking of the (28) to be satisfied even in the vicinity of nuclear densities
electron degeneracy. With this substitution, it is straighfor{45]. The factor & ¢&_/z naturally accounts for the

ward to perform they, integral by noting that threshold-like behavior with decreasing temperature.
, Nondegenerate matte; /T<—1). In the nondegener-
dez z 1 e } ate limit, one has
—w l1—exp(—z) 1+expz+7n) 2|1+exp(n)|
25 z 1+% =z+§_zexp{'u2_re)[1—exp(—z)]
The final result for the cross section per unit volume in the (29)

degenerate approximation is given by
5 after expanding the logarithmic terms in EG2) to leading
o(Ey) _ &(V2+3A2)M2T2ﬂ(E ) order. Thus, S(qo,q)=(M?T/mq)exp((u,—e_)/T). As-
\ 473 =T H suming further that the effects due to final state Pauli block-
ing may be neglected and the relevant energy transfer is

2

| 2 Ei—m 1 small, qo<E;, one finds

" o(E;) GE(V?+3A2)M3?T F(MZ)

wit = exg —

\Y 473 T

_ Pr, T Pr,~Pr, T Pr, £ e e
;::®(pF4+ st_sz_ pF1)+ 2E1 XJ 1dq0f 1dQEXF( _?) (30)

o 0
XO(Pr,~ |PF, T Pr,~ PE,|)- (26)

In this case, they, integration may be performed first. To
In the above expression all terms proportionalTigy; are  leading order ing andT/M the result isq(27T/M)2 The
neglected as they are small. Further, if we were to assumé&mainingqg integration is elementary and we obtain
that the incoming neutrino enerdy, were equal to the neu-

trino chemical potential, the factorEf + ,&) could be re- o(E1) :G_E(VzJFSAQ)Ezn (31)
placed byu.. With this substitution, the above result coin- \ ™ 12

cides exactly with that derived earlier by Sawyer and Soni

[15]. where n,=2(MT/27)%%exp(u,/T) is the neutron number

In the case of scattering, this expression simplifies to ~ density in the nondegenerate limit. In this limiting situation,
the total cross section is simply that on a single baryon times
Ei— M1) 2

o(Ey) G2 the baryon number densif@].
B kT

2
\ 1673 ™

(c2+3c3)M?T?E,

The elastic approximationWe can also derive the result
of the so-called elastic or iso-energetic approximafdlpin
1 which it is assumed there is no energy transfer to the nucle-
X . (27 ons. The effects of final state Pauli blocking and nucleon
1+exp(n,—E)/T) degeneracy are still fully included. In this c%se, the cross
An analogous result was derived earlier by lwamoto and;ection may be obtained by considering the response func-
Pethick[17]. tion for go—O0:

Note that the energg_ arises due to the kinematical
condition that ensures three-momentum conservation. For
e_> u,, in the degenerate limit, the phase space rapidly van-
ishes. Thus, at low temperatures, this leads to the condition

d*p,

(2m)®
X T(Ep)(1—14(Ep))

S(q0H0)=2'n'5(E1—E3)J’

a=|pe,—Pr,|, (28)

=2m5(qo) (32

n2_ n4
which is the threshold condition for the so-called direct Urca 1—exp((pus— u2)/T)’
process[45]. Note that the maximum possible momentum
transer isq=E;+pg,. For a free gas in beta equilibrium wheren, andn, are the number densities of species 2 and 4,

with zero neutrino chemical potential, the condition in Eq.respectively. In obtaining this result, the identity
(28) is usually not satisfied, since the neutron Fermi mo-

menta are usually much larger than those of protons and fo(Ep) (1— fo(Ep))= f2(Ea) —f4(Ep)
electrons. In contrast, in the case when neutrinos are trapped, 2= A2 —expl(g— po)/T)
significantly larger proton fractions are favored in beta equi-

librium condition. This enables the threshold condition to bewas used. One then finds

(33
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" ) ) ) ) FIG. 3. Absorption mean free paths=o/V in noninteracting
FIG'_ 2. Compo_s_|t|qn and chemical potennals for noninteracting atter in beta equilibrium at different temperatures. The neutrino
matter in be_te_\ equilibrium ahfL_:OA at different temperatures. Top energy is taken to be the Fermi energg, & 12,). The solid curves
panels: Individual concentrationté;=n;/ng, \_Nhere|=n,_ p, € show exact results from Egél5) and (21), the dashed curves are
and ve. Bottom panels: The lepton chemical potentials gnd 4 the degenerate approximatidq. (26)], the dot-dashed
T HnT HpT Me™ My curves are the nondegenerate results from (Bd), and the long
dashed curves represent the elastic approximation fron{3y.

O-(El) =G—'2:(V2+3A2) n2_n4
\ T 1—exp((pug— up)/T) temperatures of interest. There is little variation in the indi-
5 vidual concentrations with either density or temperature. The
XE(1—f3(Eyp)). (34)

individual chemical potentials arﬂ:,un—,up increase sig-
tgificantly with density, but are relatively insensitive to varia-
tions in temperature as leptons are degenerate except at the
lowest densities.

To specialize this result to the case of scattering, we need
take the limit (w,— u4)—0:

o(E;) G2 an In the neutrino-trapped case, in which the neutrinos are
! =—F(c\2,+3ci)—2 E3(1—f4(Ey)). degenerate, Pauli blocking ensures that the transport pro-
V. 4w 2l T) |1 cesses involve only neutrinos close to the Fermi surface.

(35  Thus it is appropriate to calculate the neutrino mean free

s ) . path for a neutrino energy given t@l:,u,,e. The neutrino
We how present some results for nonlnteractl_ng matte%tbsorption mean free path=(o/V) %, is shown in Fig. 3,
containing nucleons, electrons, and trapped neutrinoador as solid lines for temperaturé=5. 30. and 60 MeV as a

and T chosen to lie in the range (0.2%)ny and (5 P B

- . LN . _function of density. As expected, the mean free path de-
60)MeV, respeciively. For. the beg'“”"f‘g of the eveluuon creases with increasing density singgincreases with den-
of a nascent neutron star, it is appropriate to consider th

neutrino trapped case in which the electron lepton fractio g'ty' For comparison, we also show the resuls of the three

! . : : r]imiting expressions for the extremely degenerfdq. (26),
Y =YetY, is held fixed at 0.4. At later times the neutrino dashed curvk nondegeneratgEq. (31), dot-dashed curde

chemical potential .vanishes and the' matter contains theggng elastidEq. (34), long dashed cunjeapproximations. It
mally produced pairs; under these circumstandgs, and s evident that, for the densities and temperatures of interest
Ko, vanish andY| =Y, is determined by charge and chemi- to us, it is essential to include Pauli blocking of the final state
cal equilibrium. electrons to obtain reliable results. This is chiefly due to the
Figure 2 shows the composition and the chemical potenfact that electrons are degenerate. When all participating par-
tials versus the densitgin units of the nuclear equilibrium ticles are extremely degenerate, E26) provides an excel-
density ny) for T=5, 30, and 60 MeV for the neutrino- lent approximation to the exact result. The failure of the
trapped case. The major effect of trapping is to keep th@lastlc apprOXimation in this regime is related to the fact that
electron concentration high so that matter is more proton ricfihe favored energy transfer is not zero as is assumed, but
in comparison to the case in which neutrinos do not carry netjo= — «, which is generally large in magnitude. At high
lepton number; thus the threshold conditon for the chargetemperatures and relatively low density, in which the nucle-
current rate is easily satisfied for all relevant densities an@ns are not extremely degenerate, the cross section in Eq.
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FIG. 4. Comparison between scattering and absorption reactions
at T=10 MeV for neutrino-trapped mattery(=0.4), assuming FIG. 5. Compositions and chemical potentials for noninteracting
E,=u,. The neutrino energy was set equal to the local neutrinamatter in beta equilibrium with no trapped neutrinds, €0) at

chemical potential. In the left panels the contributions to the neudifferent temperatures. Top panels: Individual concentratigns
trino mean free path due to individual reactions are shown. In the=n, /n;, wherei=n, p, and e”. Bottom panels: The electron

right panel, the solid curve is the ratio of the scattering to absorpchemical potentiape= wn— tp -
tion mean free paths and the dashed curve is the neutron scattering/

absorption ratio. ing. Figure 5 shows the composition and the chemical poten-

. L tials. Compared to the neutrino-tr. Fig. 2, matter
(34), based on the elastic approximation, reasonably repro—as Compared to the neutrino-trapped case, Fig. 2, matte

q th i its. A ted. th q h contains a smaller proton fraction. Consequently, the differ-
uces the exact results. As expected, the Nondegenerate xeq petween the neutron Fermi momentum and pr@tod
proximation is only realistic for extremely low densities.

- electron Fermi momenta are large, making simultaneous en-
Slmlllarly, we_have calcu!ated the mean free path due t%rgy and momentum conservation impossibile. Thus, at low
scattering reactions assumilig = u,,., and these are com- o\ horanyres for all densities shown, neutrino absorption due
pared with the charged current results in Fig. 4 1610  the reactionv+n—e ™ +p is kinematically suppressed and
MeV as a function of density. The total scattering opacity,is unimportant; the dominant absorption rates are those due
which has contributions from neutroiidashed curve pro- o the modified Urca reactiom+n+X—p+X+e~ where
tons (dot-dashed curye and electrons(dot-long dashed x is a bystander particle. The modified Urca reaction, how-
curve, is shown as the long-dashed curve labelled The  ever, gives a small contribution to the total opacity when
results for electron scattering are actually taken from thQ:ompared with the total scattering opacity and can be ne-
relativistic formulation presented in Sec. V; they cannot beglected. Although the direct reactiom{ n—e~ +p) is ki-
evaluated from the nonrelativistic formulation in this Sectionnematica"y forbidden at zero temperature’ it exhibits a
because the electrons are highly relativistic. In the righistrong temperature dependence. We also note, as can be seen
panel, the ratio of scattering mean free path to that of thgn Fig. 5, that beta-equilibrium and charge neutrality favors a
absorption mean free path is plotted. The solid curve is thearger proton fraction at higher temperatures, which enhances
ratio of the total scattering mean free path to that of thehe importance of the direct process. In this sense, finite tem-
absorption mean free path, the dashed curve is the ratio ferature effects on the neutrino absorption reaction are simi-
the mean free due to the reactieg+n—wve+n to that of |5y to those encountered due to the presence of a finite neu-
absorptionve+n—e™ +p. Clearly, the scattering mean free trino chemical potential. It increases both the neutrino energy
path is dominated by neutrons since the electron and protogind the proton fraction so as to simultaneously fulfill mo-
fractions are small. However, the net electron-neutrino meagentum and energy conservation.
free path in the trapped regime is dominated by the absorp- |n Fig. 6, we plot the neutrino mean free path for
tion reaction, for two reasons. First, the charged current Maneytrino-free matter witfy, =0. Because the neutrinos are
trix element is four times larger and second, the rate is PrOfhermal, we choos&,=3T as the relevant energy for cal-

portional to u, while the scattering rate is proportional to culating the mean free path. At low temperatures, the neu-
Mg ) ) ) ) trino absorption mean free paths are very large and increase

In the neutrino-free caseY(_=0), neutrinos still exist, with density as matter becomes increasingly degenerate. For
but as pairs and do not carry net lepton number. Thus thhigher temperatures, this behavior is not seen and the larger
reference to this phase as neutrino-free is somewhat misleadeutrino energy and a higher proton fraction both ensure that
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. . . . FIG. 7. Temperature dependence of the neutrino mean free path
FIG. 6. Absorption mean free paths=o/V in noninteracting 4t nuclear saturation density fof,=0 andE,=3T. Left panel:

matter in beta equilibrium with no trapped neutrinos at different,q;iqyal contributions due to scattering and absorption reactions
temperatures. The neutrino energy is taken tebe 3T. The left- 1, the mean free path: the long-dashed curve is the total scattering

most panel clearly shows that at low temperatures the mean fregyacity Right panel: Ratio of the total scattering mean free path to
path is very large since the reaction is kinematically supressed. ih5t of absorption.

momentum and energy conservation for the direct reactioflowever, microscopic calculations of this type which en-
are easily satisfied. The extent to which the elastic and norcompass asymmetric matter at an entropy/baryon in the
degenerate approximations reproduce the exact numerical reanges=1-2 are not yet available. We therefore use a
sults may be gauged from Fig. 6. Note that the degeneratechematic potential mod@#7], which is designed to repro-
approximation is not an appropriate limit because when theluce the results of more microscopic calculations of both
theta functions in Eq(26) are zero, the mean free paths aresymmetric and neutron matter at zero temperature and which
infinite; thus the degenerate limit is not plotted in this case.can be extended to asymmetric matter at finite temperature.
From Fig. 6 we see that the absorption rate shows a stronigy addition to employing local contact interactions, momen-
temperature dependence. In Fig. 7, we show the temperatutem dependent interactions arising from finite range ex-
dependence of the absorption and scattering mean free patblsange forces can also be considered in such an approach.
at nuclear saturation density. The individual scattering conThe relevant details are given in Appendix A.
tributions are shown in the left panel together with the total The calculation of the neutrino opacities is greatly simpli-
scattering mean free path, which is shown as the long dashditd if the finite range interactions are approximated by ef-
curve. For this density, the scattering opacity is dominatedective local interactions. A notable feature of this approxi-
by neutron scattering. The right panels show the ratio of thenation is that the particle effective masses generally drop
total scattering mean free path to that of the absorption reagnore rapidly with increasing density compared to the case in
tion v+n—e” +p. For low temperatures, where the absorp-which the full nonlocality is retained. In this case, one retains
tion is kinematically suppressed, scattering dominates the nenly a quadratic momentum dependence in the single par-
opacity. However, with increasing temperature, absorptioriicle spectrum, so that it takes a for(ef. Appendix A

increases and eventually dominates Tex 10 MeV. closely resembling that of a free gas:
p?
| .
IV. NONRELATIVISTIC INTERACTING BARYONS Ei(pi)= v +U;, i=n,p. (36)
i

We turn now to the effects of strong interactions on the
charged and neutral current neutrino cross sections. To b&oth the single particle potentiald; and the(Landay effec-
gin, we will continue to use the nonrelativistic approximationtive massesM{ are density dependent. Because the func-
for baryons. Nonrelativistic potential model descriptions oftional dependence of the spectra on the momenta is identical
dense matter are based on a two-body potential fitted t&o that of the noninteracting case, the methods employed in
nucleon-nucleon scattering and a three-body term whosthe previous section are amenable to the incorporation of the
form is suggested by theory and whose parameters are deteffects of strong interactions. However, it is important now
mined by the binding of few-body nuclei and the saturationto retain the distinction between the masses of the nucleons,
properties of nuclear matteisee for example, Ref46]).  in particular the effective massed; andM} .
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The dynamic form factor in Eq14), with the single par- e T 73 o T 173 I T 1713
ticle spectrum in Eq(36), may be expressed in essentially 05 E np - 4 F np - dF np - 1
the same functional form as in EQ1). The energy delta AL et R S 3 S I SRR o3
function can be recast in terms of the angle betvvﬁ)@and i I 17 )
a: HOIESve 3 F-ve Y E_ Y

- oosf T4 F T F ~
8(Qo+ Ep—E4) = —= 8(cos 6— cos 6;) [ T=6Mev | [ 30Mev ] [ 60Mev ]
p2q 0.01""""' P I I T P I I
XO(E;—e_)0O(e,—Ey), (37 500 T M o T
where
M3 XP5
C0S fp=—-| c— ,
P29 2M}
202 xMic 2xM%c
p3=i2<1+ 24 + 1+ 24 , ol v T
X q q 01234501234
u=ng/ng u=ng/ng
2 2
P2 P . . :

Eo=r—r, e.=—F, (38 FIG. 8. Particle fractiongupper panelsand lepton chemical

2M; 2M3 potentials (lower panely in the nonrelativistic potential Skyrme

. . . model for Y =0.4 at various temperatures. Note that the proton
where the new variables appearing above are defined by the, tion is larger than in the noninteracting case.

relations

. ) approximation is nearly indentical to that for the noninteract-
Y=1- & c=Qo+U,—U,— a _ (39) ing case, because the conditien= u,— U, is equivalent to
ViR T2 T ome q=|pe,~Pe,|. We must only replacé? in Eq. (26) by
_ . o M3 My . The expression for the nondegenerate approxima-
The factorU,—U, is the potential energy gained in convert- tjo is identical to that for the noninteracting c4&e. (31)],
ing a particle of species “2” to a particle of species “4.” pecause for nondegenerate nucleons, the number density is
When the intial and final state baryon masses are d'ﬁerenbroportional to M’Z‘T)3’2exp((,u2—U2)/T). Finally, in the

the p, integration is restr{cted to the mtervaﬁ; ps=p=. elastic case, we need only replagg— u, in Eq. (34) with
Note also that the effective chemical potential—U, re- pa— o+ Us—Uy.
placesyu,. With these changes, the response function incor- "For the neutral currents, since the initial and final state

porates the effects of strong interactions at the mean fieldarticle labels are identical for both leptons and baryons, we
level. We can now generalize the definition &f , which  haye the simplifications

appears in the noninteracting response function, ith

2 2

q
2M3

M*
1+ expl(e — py+U,)IT) o) Z:% P
1+exp((e=+0o— pat Up)IT)|’ 29

Go— =,

’ e+

£.=In
(42)
Collecting these modifications together, and using the rela- i .
tion in Eq. (20), we have Thus, ¢, = —z, and one finds a result formally similar to the
noninteracting expression;
MIMZT & —¢, .2
S(QoaQ)— 1_eXF(_Z). (41) MZ T[ z ( g

o] = + 2=
S(Go.q) mq [1—exp(—z)\1 z
For the charged current, modifications due to interactions are N _
twofold. First, the difference in the neutron and proton single Figure 8 shows the composition and the chemical poten-

particle potentials appears in the response function and aldigls versus the density for charge-neutral matter containing

in 2. Second, the response depends upon the nucleon effelteracting nucleons, electrons, and trapped neutrinos in beta

tive mass. Since bot; andM?* are strongly density depen- ehquilibrium.fWhiIg these _results i’are qua}litatively simlilardto
dent, the opacities are significantly altered from those for théx e case of noninteracting nucleons, |nteract|9 ns lead to
noninteracting case at high density. lower values ofY, andu, , and larger values of., espe-
Finally, note that we can make the nondegenerate, elasticjally at high densities. The influence of these changes on the
and degenerate approximations in analogy to those found fareutrino mean free paths are depicted in Fig. 9, uging
the noninteracting case. The expression for the degenerateu, as before for the trapped-neutrino case, and the dy-

(43
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FIG. 9. Neutrino absorption mean free path in neutrino-trapped F|G. 11. Compositiongupper panelsand electron chemical
matter WlthYL:04 Results for the Ilmltlng cases discussed in thepotentia|s(|ower pane|$ for neutrino-free matter at various tem-
text are also shown, with the same notation as in Fig. 3. peratures in the Skryme model. Note that the proton fraction is

larger when compared with the noninteracting case and, at low
namic form factor Eq(41). Shown for comparison are the densities, is quite sensitive to the temperature.
three limiting behaviors for the degenerate, nondegenerate,
and elastic approximations discussed in connection with thever, the net effect of a decreasing cross section at high
noninteracting case. density may be an anomalous result of using a nonrelativistic

The counter-intuitive result, that the mean free paths intheory in a situation in which the nucleons are at least par-
crease at high density, is chiefly due to the use of nonrelatally relativistic. This also explains why the elastic approxi-
tivistic kinematics coupled with the behavior of the Landaumation, which is applicable in the case when the mass of the
effective mass of the nucleons, which are displayed in Figabsorber is large, provides a much poorer representation of
10. The cross section is proportional k5 My , and the the exact results than in the noninteracting situation. Related
dropping effective masses more than compensate for th this is the fact that the high density behavior of the non-
higher neutrino chemical potential at high densities. How-relativistic Skyrme-like EOS becomes dominated by ufé
density-dependence in the energy density. This leads to
eventual acausality, i.e., the speed of sound exceeds the
speed of light. While it is possible to avoid this behavior in
nonrelativistic potential model approaches by including more
general forms of momentum dependerisee for example,
Ref.[48]), a nonrelativistic description of matter at very high
densities is difficult to justify at a fundamental level. In ad-
dition, the calculation of the opacity is then greatly compli-
cated by the fact that the energy spectrum no longer re-
sembles that of a free gas. In the next section, we consider
field-theoretical models with relativistic kinematics which do
not have the above problems.

In the neutrino-free case, interactions change the compo-
sition significantly. The proton fraction is larger when com-

M* /M

0.2 - ] pared with the neutrino-free noninteracting case. Quantita-
L . tively, the proton fraction is sensitive to the density
o o dependence of the symmetry energy, which for the Skyrme

0 1 2 3 4 5 interaction we chose is nearly linearly increasing with den-

sity. The composition and chemical potentials are shown in

Fig. 11. We shall first focus on the charged current reaction.
FIG. 10. Neutror(solid curve and proton(dashed curveeffec- At zero temperature, the direct Urca reactiein—e™ +p

tive masses as a function of baryon density in the Skyrme modeis kinematically possible for low energy neutrinos at and

The curves shown are far=30 MeV. above a threshold density when the proton fraction exceeds

u=ng/ng
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W0 71173 grrr T T 173 g1 1 NRARE The usual starting point for relativistic field theory calcu-
F i Ff 1 F — —Flastic ] lations is the mean-field approximation. In this approxima-
10 g 1 F T Non-Deg/ tion, the presence of baryons generates nonzero average val-
_ E 1F // 1 ] ues of the meson fields. Baryons move independently in
£ 1k e 4L 7 <4 E - these self-consistently generated mean fields. In a model of
< E T=5MeV I F~-" 30Mev 3 [ 60 MeV baryons Yukawa coupled to vectan (), isovector p,) and
01 L 1 40 4 scalar @) mesons, the latter simulating correlated pion-
jE =__ 3 EN— 1 exchange, the single particle energies are
0.0l'l'l'l'l' P I I T i 1
1000 grrrFerreg Froor Ty T T I TE Eg= P>+ Mg+ 0,500+ g,atssbo= VP’ +M§*+U,
100 __ ~__ :_ IJ’Ve=O _: :_ —--53:::3 _: (44)
1 F ve-ve 3
10k 1 b 1c T 3 whereM%=Mg—g,go are the Dirac effective masses,
g 1 B Sc—eo--1 wo, andb, are the average values of the meson fietfls,,
~ lE 1 F = 1 E d.s, andg,g are the strong interaction couplings of the
£ E ¢t different meson fields to baryons, ang is the third com-
0-1¢ El =l ponent of isospin for the baryons. This equation defines the
oot Lol Dottt ] Lol effective potentiall. For more details, see Appendix B.
0123450123450123435 We turn now to calculate the cross section for absorption
u=ng/ng u=ng/ng u=ng/ng of electron neutrinos in a multi-component system described

_ ) , _ by a Walecka-type effective field-theoretical model at the
FIG. 1f2' Upper pan_er:. l:eutSano absor%"}” mean freeg‘%ath "mean field level. In this model, the nucleons become increas-
neutrino-free matter with the Skyrme mode, assuming-3T. _ingly relativistic due to the rapidly dropping nucleon effec-
The exact and limiting cases discussed in the text are shown, wit| N . .
the same notation as in Fig. 3. For5 MeV, the elastic approxi- lve masses. The nonrelativistic approximation for the had-
mation is off-scale. Lower panel: Comparison of absorption an inc Currgnt discussed thus far*cannot be JUSt'f'e(.j’ since, at
igh density, terms of ordep/M* are of order unity and

scattering mean free paths for this case. . ) .

must be retained. It is convenient to express the angles ap-
. pearing in Eq(7) in terms of energy and momentum trans-

1/9 [45]. In the_ presence of muons, the proton fract|_on Alers (go,0), and to define the response functions in terms of

threshold density is slightly larger. The threshold density forappropriate current-current correlation or polarization func-

the model chosen here OCCWS”E‘.* 1'_5n° (for a free gas, by tions[27]. To see how this is accomplished, we start with a

comparison, the thres_hold densitynis-73no). general expression for the differential cross secfiti 50

In Fig. 12 the neutrino mean free paths are calculated fo

the neutrino-free case. At low temperature, the absorption 3 2 _

mean free path increases sharply below the threshold densiti d°o __ GF = 1—ex;{ _qo_('“f'“““)”

(1.5n). The mean free paths show similar behavior to thatV d2Q,dE, 12872 E1 T

of the neutrino-trapped case shown in Fig. 9, although in R

general they are about 3 times smaller. This factor can X (1—f3(Ea)Im(L*II5p), (45

largely be understood by examining the last three terms in

the noninteracting expression E(6). In the neutrino- Wwhere the incoming neutrino energylis and the outgoing

trapped case in whictE;~u, these terms yieldu (Y,  electron energy isE;. The factor [1—exp((—Qo— 2

=0.4)7%/2. In the neutrino-free case in whigh,=0 and  +u4)/T)]"* arises due to the fluctuation-dissipation theo-

E,=3T, these terms yielgeo(Y,=0)(7?+9). The ratio of rem, since particles labeled “2” and “4” are in thermal

these two cases is thus approximately,(Y, =0.4)/  equilibrium at temperaturd and in chemical equilibrium

4.5u(Y,=0)=0.3 using values fou, from Figs. 8 and 11. Wwith chemical potentialg:, and w,, respectively. The final

state blocking of the outgoing lepton is accounted for by the
Pauli blocking factof 1—f3(E3)]. The lepton tensok 4 is
V. RELATIVISTIC INTERACTING BARYONS given by

At several times the nuclear equilibrium density, the
Fermi momentum and effective nucleon mass are both ex
pected to be comparable. Thus, a relativistic description may
be more appropriate. Relativistic local quantum field- . o .
theoretical m%%elz of finite nuclei and infiniteqnuclear matterThe target particle retarded polarization tensor is
have had some succek35], albeit with rather more sche-
matic interactions and with less sophisticated approximations ImITR :tanl'( Qo+ (ma— '“4)) ImII (47)
than their nonrelativistic counterparts. Appendix B contains ap 2T af
a description of this approach in which the set of baryBns
has been augmented to include strangeness-bearing hyperherell,,; is the time ordered or causal polarization and is
ons. given by

LoP=8[2kK+ (k- q) g — (kg + g k) Fi kg )
(49)
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d*p the angular terms in Eq7) cannot be droppefiThe various
I, —|f 2T T(G2(p)JaGa(p+0a)Jp)]. (48)  response functions required have been studied in earlier
) works for neutral current reactiof27,33. Their generaliza-

. . . . tion to the case of charged current reactions are
Above, k,, is the incoming neutrino four-momentum aqg g

is the four-momentum transfer. In writting the lepton tensor, Ry =(V2+ A)[IMIIR(qo,q) + IMIIR(qo,q)] (53
we have neglected the electron mass term, since typical elec-

tron energies are of the order of a few hundred MeV. The Ro=(V2+ A2)ImIIR(qo,q) — A2mIIR(ge,q)  (54)
Greens' functions3;(p) (the indexi labels particle specigs

describe the propagation of baryons at finite density and tem- R.= 2V AImIIR 55
perature. The current operatdy is v, for the vector current 3 Va(do.)- ®9

and v, ys for the axial current. Given the structure of the These response functions have been written in terms of the
particle currents, we have imaginary part of the polarization functions, whose causal
oV oA VA components are given in Ref&1,52 for symmetric nuclear
Hop= VLt AT =2V Al 5. (49 matter. We present extensions of these results to asymmetric
matter, and, in particular, to unlike particle-hole excitations.

For the vector polarizatiodJ,,Jz}:{ Vs , for the axial ; e ]
P " g1 Ve Vo) For space-like ex0|tat|on$1,i$0, they are given by

polarization{J,,Jg}::{v.¥s.vsYs} and for the mixed part,
{Ja:Jda} 1 vavs, v} Using vector current conservation and
Franslanonal invariancd] , , may be written in terms of two ImTT, (do.d) = wa
independent components. In a frame wherg,

=(qo.,/q/,0,0), we have

d®p Ej*—|p|® cos

(2m)°®  EjEh.q

O (56)

d®p qi/2—|p|A(1-cos)

2 -
q ImIT (qo,q)=7rf
=113, and HL:_ﬁngo- ! (2m)® S
(57)
The axial current-current correlation function can be written e M*2
as a vector piece plus a correction term: ImHA(qua)ZZWf 5 F;g = Ez* (58)
a
H}ALV:HXV+g;LVHA' (50) p=ptq
The mixed, axial current-vector current correlation function > d3p qiM’z‘
is ImITya(do,q) =27
(2m)° |Q?E3 Ep- g
H\/,iﬁ: I e,u,v,a,OanVA' (51) (59)
The above mean field or Hartree polarizations, which char!n the above,
acterize the medium response to the neutrino, have been ex- O=F(E* E* S(An—(E.. —E
plicitly evaluated in previous work51,52 for the case of (Ep /Epg)[ 000~ (Bpia—Ep))
neutrino scattering. Since the structure of the charged current +6(do—(Ep—Epig))] (60)
is similar to that of the neutral current, we may write
L g . F(Ey Epio)=TaEp)A-TuE}.0) (6D
— - _F B42(1-
Vade,  16m° B, w1 fa(E) E5=\[pP+ M52, E,=E}+U.
. (62
—Co— (42— 14) ) o ) )
X 1—9pr The particle distribution function$;(E) are given by the
Fermi-Dirac distribution functions
X[AR;+R,+BRg],
1
2 fi(EX)= , (63
A:m, B=E,+E;. noP 1+eXF((E;—Vi)/kT)
292
52 wherey; is the effective chemical potential defined by
(52) h is the effective chemical potential defined b
From Eq.(52), we see that the response of a relativistic sys- vi=pi— U= i —(ngiwothgBingibo). (64)

tem to the charged or neutral current probe may be written in

terms of three response functioRg, Rj, andRs.[Incon-  The single particle spectrum in EG4) is discussed in Ap-
trast, the response in a nonrelativistic system, @d), is  pendix B. The angular integrals are performed by exploiting
characterized by a single isospin density response functiorthe delta functions. The three dimensional integrals can be
This is due to the fact that when the baryon velogity-1,  reduced to the following one dimensional integrals:
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Q. (= _ Qo+ (12— fa)
il (0.0 = > [~ AL (E+ a2~ gl 74 lh=tanh) =5
mlql®Je-
X[F(E,E+0o)+F(E+0do,E)] (65) xf dEE"[F(E,E+0qo)+F(E+qy,E)]. (75
2
IMI1(Go,q) = A f dE[(E* +o/2)2 These integrals may be explicitly expressed in terms of the
" 4qq® polylogarithmic functions
+|q)2/4+|q2M% g3 2Li,_4(x
lal*74+1aI"M2 /q,.] Lin(z)zf L()dx, Li,(x)=In(1—x)  (76)
X[F(E,E+0qg)+F(E+0o.E)] (66) o X
which are defined to conform to the definitions of Lewin
53]. This polylogarithm representation is particularly useful
(67)
51
) lo=Tz 1+ = (77
q
e e | derze+a
-U, z e_
I1=T22(M2 2 Z &2, gl), (78)
X[F(E,E+qg)+F(E+qg,E)]. (68 T 2z zT
The lower cut-offe_ arises due to kinematical restrictions S (n2=Up)* pa—U, 77_2
and is given by 2 2 T 3
— 2 2 2
do , Q 9 2 z §3 €&  etg
— _+_ =, —_— ) [N
e_ ﬁz 5 B 4qz qS (69) +3 2Z+2 T5 =k (79
where wherez=(go+ (12— 14))/ T and the factors, are given by
M*z_ ;2 én=Liy(—ay)—Lin(—ay), (80)
q0:q0+ U2_U4, B 1+ = (70) i
q -5 with
It is convenient to reexpress the polarization functions as a;=exp(e- — up+Up)IT),
follows:
a,=exp(e-+do—ustUy)/T). (81)
2 2
|m1‘[f(qo,q)= A I+ 0ol + q_”|o} (72) We note that the nonrelativistic structure function for neutral
27lql3l 4 current scattering, Eq(43) is, aside from the factor
2
M3 T/mq, equal toly since&=§&_ .
R qi The total cross section is the double integral @ ,@)
|mHT(Q0,Q):4W|q|3 l2+dol s space:
2 42 2 E,) GZ (& 1—f4(Es)
a;, q .20 U(lejd 3(Es
- 4 - 2 M2 q2)|01 (72 v 2m2ES) - qol—ex — Qo (k2 mq)
# T
x2 2E,—
R 2 1~ 0o
IMIT3(00.0)= 57110 79 x| daagiar +R+BRL (82
|q| ol
qz Equation(82) allows us to calculate the cross section per unit
|mH5A(q0,q) —E—[qolg+214], (74) volume, or equivalently the inverse mean free path, consis-
8m|q|® tently with the relativistic field-theoretical model in the mean

where we used the one-dimensional integrals

field approximation. This naturally incorporates the effects
of strong interactions, Pauli blocking of final state particles
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FIG. 13. Compositiongupper panelsand chemical potentials FIG. 14. Absorption(upper panelsand scatteringlower pan-

(lower panels in field-theoretical model for nucleonic matter in €9 mean free patha =o/V for neutrino energyE, =, in beta
beta equilibrium with fixed lepton numbaf, =0.4. equilibrium matter withY_ = 0.4, for the field-theoretical model.

and the contribution of relativistic terms to the baryon cur-@osorption mean free paths and the lower panels show the

rents. In the case of neutral currents, some of the terms in thefattering mean free path. The threshold density for the
above are slightly simplified: charged current reaction to be kinematically allowed at zero

temperature in this model occurs atry7This accounts for
do do q the sudden increase in absorption mean free path below this
z2=—, up=p4, € =——+-y1-4(M3%q%). (83 density at low temperatures. At higher temperatures, this
T 2 2 m . e
threshold-like behavior is much less pronounced. From the

We note that other expressions for the cross sectioné?ftmOSt panels in Fig. 16, we see that everTats MeV,

based on a similar formalism, have been derived earlier in

the literature[27,33. However, negative values of, were ! A e T MR 2
not taken into account in Ref27] and the response func- 05 1 1r .
tions used in Refs[27,33 inadvertantly omitted the factor I pe [ pe 1 [ P ]
[1—exp(=2)] in the denominator of Eq¥52). While the i N T |
gualitative results in Refd.27,33 remain unchanged, they = o0.1 - -7

are quantitatively affected.
In Fig. 13, the individual particle fractions and the rel- ] 11
evant chemical potentials are shown for a lepton fraction _/ T=5MeV | | 30 MeVv | | 60 Mev
Y, =0.4. As in the case of the potential model, interactions ! Lo Lo Lol
in this model lead to larger proton fractions compared to the 9, ————————— —~——————7—7 7T~
noninteracting case. These results are almost indistinguish L L L
able from those of the potential model. The absorptiap: 200 4 =0 JL -
per panels and scatteringlower panels mean free paths, °
calculated using Eq(82), are shown in Fig. 14 for three =
different temperatured;=5, 30, and 60 MeV, as a function <
of baryon density. At low temperatures, the neutrino mean X 200
free path has relatively little variation with density due to the
dropping baryon effective masses at high density. Neverthe. 100
less, the mean free paths eventually decrease with increasin
density, unlike in the potential model. We attribute this to the % i
inclusion of relativistic kinematics. u
The results for the neutrino-free case are shown in Figs.
15 and 16. Qualitatively, the results have similar density and FIG. 15. Compositionupper panelsand chemical potentials
temperature behavior as in both the neutrino-trapped cag@wer panels matter in beta equilibrium with no trapped neutrinos
and in the nonrelativistic case. The upper panels show thgr,=0) for the field-theoretical model.
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E| T T 7T 7] |§ ;I TT T 7171 |§ §| A | |§ O_ (E ) GZ E _ 2
E J E 3 E E D,n v My
10k 1k 1k 1 TV TR OB T 7 g )
T ik .
= F T=5Mev 31 F\ 30Mev I f 60Mev 3 X , (84)
001 1 F 3 F e
F 3 E 1 F E S 2
ooot Ll T Bt B a1 opi(E) _ GF (¢ 2, a0 )E*2T2E _i_(EV_'“V)}
1000;'|~\L\1-|'§ ETT T T T T T \Y 1603 Y KT
Mootz -3 F M S0 3B LR ]
100 ¢ 3 TE OSSN T " 1 @5
—_ F ] :-\ J F A . y
g 10g ER NN 4 F s 4 1+exp((u,—E,)/T)
P2 1 é_ _é _\ ?\ ''''''' _ 2 2 2 2 oy
c 1E F T E WhereEFizpFiJrMi* replacesM; appearing in the formu-
0.1 ¢ ER3 ER3 3 las for nonrelativistic, noninteracting nucleons Eg6) (i
gof Lelot vt Lhtwt 11 T L ] =n,p). For scattering off neutrons and protors, andca
0123450123435 are appropriately chosen. The nondegenerate cross sections
u=ng/ng u=np/ng oNp.n andoyp ; are unchanged from Eq31).

We compare the results for the total cross section ob-
tained by interpolation as opposed to the exact integrations
(ovpi) for the case of neutrino-trapped matter with=0.4.

For this exercise, we chose a field-theoretical model and
therefore used the limiting formulas for tlg,’'s and o\ p's
despite kinematical restrictions at low density the absorptlomst described. The total cross section is the sum of those
reaction always dominates over the scattering reaction.  from absorption on neutrons and scattering off neutrons and
protons. As an illustration, we first employ the particular
interpolation scheme of Keil and Jankal:

FIG. 16. Absorption(upper panelsand scatteringlower pan-
els) mean free paths = ¢/V for neutrino energy,= 3T in matter
with no trapped neutrinos for the field-theoretical model.

VI. COMPARISON WITH OTHER WORKS

Calculations of protoneutron star evolution have been per-
formed by several grouggl—8]. At supra-nuclear densities,
these groups used for the most part neutrino cross sections as
originally described in Burrows and Lattimgr]. Those
cross sections were generated by interpolation among limit-
ing formulas for degenerate and nondegenerate matter and
neutrinos analogous to the limiting formulas given in Sec. llI
for noninteracting, nonrelativistic baryonic matter. A direct
comparision of those results with the results obtained here
for arbitrary degeneracy and including interactions is there
fore not straightforward. First, the limiting expressions
should include the effects of interactions. Second, the result
will be sensitive to the interpolation algorithm, especially the
interpolation parameter.

In addition, relativistic effects become increasingly im- 4o 04 by examining the ratie{,/o, which for E,
portant with density in a field-theoretical description, since” ™. . > )% 202
the nucleon effective mass decreases with increasing density.*” is proportional ton EV/(EFnT pe)- We can neglect the
Quantitatively, the effects arising due to the relativistic struc-relatively weak density dependencefff , since the drop in
ture of the baryon currents is small and is typlcally of order|\/|* is Compensated somewhat by the |ncreasd§Fof and
E,/M*. However, relativistic kinematics introduces impor- note that in the neutrino-trapped case bBth= u, and e
tant correctiongof orderp; /M*) in the degenerate limit. To 1/3 A A 432 2_ 2
facilitate an illustrative comparision of our results with other 56818 83 Thus,oyp/op " T=~ (B, /T)"= 7 where

E,: is the nonrelativistic neutron Fermi energy. In the de-
results often used in the literature, we study the neutrino
mean free path in the trapped regime. In this case, the domgenerate limit, therefore, theQD contribution can still domi-
nant neutrino cross sections are those due to absorfiion Nate that fromo . This may also be inferred by comparing
neutrong and scattering off neutrons and protons. The approWl'[h the ratioo, | /oyp in the degenerate reglons 35 shown
priate limiting expressions for the absorption and scatteringn the upper left panel of Fig. 17, whetgp= Nt ORD -
cross sections for the degenerate case become These results suggest that a better interpolation formula is

= 2 O-S_i_}_a-s L
i=n,p D.i 1+X| ND.i 1+X|

n
+US'”1+—XH+UQD'“1+—X,{ (86)

whereX;=max 0,7;] wherez, is the degeneracy parameter.
For a relat|V|st|c model, the appropriate degeneracy param-
éter is ;= (v;—M;)/T which can be seen by reference to
Eq. (63). Figure 17(Iower left panel shows the ratio of our
exact integration compared with; as a function of density
Snd temperature and assumiBg= ., . This interpolation
gives reasonable cross sections in the nondegenerate limit
but is poor in the degenerate limit. This behavior is easily
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0.0 02 ?1~‘Efm‘3_~,§" 0.8 1.0 00 02 %‘Efmo_;g" 0.8 1.0 FIG. 18. Compositiongupper panelsand chemical potentials
B B

(lower panels for neutrino-trapped mattety( =0.4) including hy-

FIG. 17. Comparision with previous cross sections employed irP€rons in the field-theoretical model.= un— pp=pe— ..
protoneutron star calculations. The upper panels show comparisions
with limiting forms valid for the nondegeneratkeft) and degener- For a typical case, the particle fractions in matter contain-
ate (right) matter. The lower panels show comparisions with inter-ing hyperons are shown in the upper panels of Fig. 18 for
polated cross sections; the interpolation scheme in B6) is  different temperatures in the neutrino-trapped c¥se;0.4.
shown in the left panel and that in E(B7) is shown in the right  The lower panels show the behavior of the relevant chemical

panel. potentials. Note that the neutrino chemical potential in-
creases rapidly with the onset of hyperons in mattem-
Xi3 1 pare with the results in Fig. 13ue to the increase in the
o3= o5 st oNDi T3 positive charge in the system. This is typical for matter in
'=np 1+X] 1+X] which strangeness, due to any source, appears. Conse-
3 quently, in matter with hyperons neutrino energies are some-
A %0 A 1 what larger than those in nucleons-only matter.
T0pn 3T ONDn 3 (87 . . .
1+X; 1+X; The absorption mean free paths in matter containing hy-

perons are shown in Fig. 19. The various reactions that con-
The ratio of the exact to these interpolated results are showftibute to the total absorption opacity are calculated using
Fig. 17. The interpolation now correctly goes to the requiredEg. (82) by using the appropriate chemical potentials and
limits; for reference the exact result is compared directlyneutrino coupling constants. Strangeness-changing reactions
with the two limiting forms in the upper lefnondegeneraje are Cabibbo suppressed and hence their contribution to the
and upper rightdegeneratepanels. Nevertheless, significant total opacity is negligible. The relative importance of the
errors for intermediate degeneracies still exist, which undervarious reactions are shown in the upper panels. Pauli block-
scores the importance of the relatively simple exact formulagg and kinematic restrictions account for the threshold-like

we have found. There is no significant need to use interpostructure seen at low temperatures, particularly for the reac-
lations any longer. tion v+~ —A+e". This is analogous to the threshold
behavior seen for the reaction,+ n—e™ +p in hyperon-
free matter. The kinematical restrictions on reactions involv-
ing baryons require that the initial and final state baryon
Strangeness-bearing components can appear in dense maermi momenta not be vastly different. When too large a
ter either in the form of hyperons, kaon condensate, odifference exists, the phase space is highly suppressed. At
guarks. In this section, we investigate the effects of multi-higher temperatures, these kinematical restrictions are re-
components on the neutrino mean free paths by concentraaxed. The higher neutrino energy and the lower degeneracy
ing on the possible presence of hyperons. We present spef the baryons account for the qualitative trends of the results
cific results for a relativistic field-theoretical model in which at the higher temperaturds=30 MeV andT=60 MeV. The
the baryonsB, interact via the exchange ef, v, andp  solid lines in the lower panels show the net mean free path
mesong 35]. The relevant details are presented in Appendixfrom all contributions from absorption reactions. For com-
B. parison, the net mean free path in a model without hyperons

VII. MULTI-COMPONENT ENVIRONMENT
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FIG. 19. Absorption mean free paths= (a/V)~* for neutrino FIG. 20. Scattering mean free paths for neutrino enegy
energyE, =, in matter with fixed lepton numberY( =0.4) in =, In matter with fixed lepton numbery{ =0.4) in the field-
the field-theoretical model. Upper panels show both the results fofheoretical model. Upper panels show the results for the total scat-
matter without hyperongashed curvesand with hyperongsolid tering mean free path for matter without hyperddashed curves

curves. Lower panels show the relative contributions to the absorp@nd With hyperongsolid curves. Lower panels show the relative
tion mean free path for matter with hyperons. contributions to the scattering mean free path for matter with hy-

perons.

is shown by the dashed curves. In general, the presence of .
hyperons has the effect of decreasing the neutrino mean freIFW temperatures, the reactions show the expected threshold-
path. ike behavior. The total absorption opacity due to all possible

In Fig. 20, the scattering mean free paths are shown. Th%eaction_s(solid curvgs; Is showr_1 in the lower panels. For
upper panels show the individual contributions to the totaCOMPArson, results in matter without hyperons is also shown

scattering mean free path due to the various reactions ¢pY (e dashed curves. As in the neutrinos-trapped case, the

interest. In the lower panels, the net mean free paths in hy-
peronic matter(solid curve$ are compared with those in 1
nucleons-only matteidashed curvgsThe appearance of hy- 0.5
perons again decreases the neutrino mean free path. Tt
overall scattering mean free path is less than 50% larger tha _ P
the absorption mean free path, so that scattering provides a>= 0.1 i / 4 B /,/ z/o,

HEER VR T

: g s AN B 2 4 e
important contribution. oosf/ v A BT e/ /3 B N
In summary, the decrease in mean free paths in a multi- r) ! ‘,-"-‘._ I 127/~ /10 RNV
component environment may be understood by noting that: o f bl Fd ot ,-’ [ ,/.""» e o
(1) A larger neutrino chemical potential results in larger neu- o, Loiin, i a Lddodon] adon,
trino energies(2) hyperons decrease the degeneracy of bary- 300 1+ T P
ons, and3) hyperons provide additional channels of scatter- T=5 MeV 30 MeV 60 MeV
ing reactions to occur. | 17 == 17
When neutrinos carry no net lepton number, they do not — 200 |  Xe 91 r 1 F -
play a role in determining the composition of matter. In ° | He 1L u l
e

neutrino-free matter, the hyperons appear in larger number &
and at threshold densities which are lower than in neutrino- — 100
rich matter. In Fig. 21, particle fractionsipper panelsand
the electron chemical potentia(lower panel§ in neutrino- Ll
free matter with hyperons are shown. Since the neutrinos ir %9 12345867 o"l'é':'i"'}'g'é'.? o'i'é'é'i'g'é'7
this case are thermal, we present results for absorption an u=ng/ng u=ng,/ng u=ng/ng
scattering mean free paths calculated Eqr= 3T.

In Fig. 22 are shown the relative contributions of the F|G. 21. Compositionupper panelsand chemical potentials
dominant charged current reactiofigoper panelsand the  (lower panelsfor neutrino-free matterY,=0) including hyperons
total neutrino absorption mean free pattmver panels At in the field-theoretical model.
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FIG. 22. Absorption mean free path;(o/\_/)’l for neutrino FIG. 23. Scattering mean free path for neutrino enefgy
energyE,=3T in matter with no trapped neutrino¥ (=0) inthe ~ =3T in matter with no trapped neutrinosf(=0) in the field-

field-theoretical model. Upper panels show both the results for mattheoretical model. Upper panels show the results for the total scat-

ter without hyperons(dashed curvgsand with hyperons(sold  tering mean free path for matter without hyperddashed curves

curves. Lower panels show the relative contributions to the absorp-and with hyperongsolid curves. Lower panels show the relative

tion mean free path for matter with hyperons. contributions to the scattering mean free path for matter with hy-
perons.

neutrino mean free paths are smaller in matter with hyper|gg pMev Unlessu ,>m,c2, however, the net number of
: " ne o ’

ons, albeit by a smaller amount. Scattering off hyperonswS or v,’s present is zero.

shown in Fig. 23, clearly leads to important modifications to" e temperature and entropy increase beyond about
the neutrino mean free path in the neutrino-free case. 0.5 Mg from the center because of shock heafialy Dur-
ing the early deleptonization or neutrino loss phase, the stel-
lar interior gains entropy because of resistive neutrino diffu-

VIII. NEUTRINO TRANSPORT IN AN EVOLVING sion, and the regions near the protoneutron star surface lose
PROTONEUTRON STAR entropy because of neutrino losses. Eventually, this reverses
A. Introduction the positive temperature and entropy gradients in the interior.

) o On time scales of about 10-15 s, the center reaches a maxi-
One of the most important applications of dense mattef, ;m entropy of about 2 and a maximum temperature of
opacity calculations is the environment of a newly formedsq_go MeV. This time coincides with the loss of virtually all
neutron star. A protoneutron star is formed subsequent to th@e et trapped neutrino fractidﬁ,e in the interior, although

core bounce of a massive star in a gravitational collapse sy . . . .
9 b Yhere are still considerable numbers of neutrino pairs of all

pernova. Its early evolution has been investigated in Reffpavors present in thermal equilibrium. This time, therefore,

[4-8]. Detailed studies of the dynamics of core collapse an L
supernova indicate that within milliseconds of the shockmarkS both thg end of the deleptonization phase and the on-
set of the cooling phase of the protoneutron star.

wave formation the formerly collapsing stellar core settles . o )
. : L . . The baryonic composition of dense matter is greatly af-
into nearly hydrostatic equilibrium, with a relatively low en- . :
fected by the degree to which neutrinos are trapped. Thus
tropy and large lepton content. d . " |
The entro er baryors, is about one or les@neasured there exists an unambiguous compositional difference be-
Py p YOS, tween the initial deleptonizatiofmeutrino-trappedand cool-

in units of Boltzmann’s constantwhich corresponds to a . : Co
temperature of about 10-20 MeV. The electron lepton fraci 9 (neutrino-fre¢ phaseq47]. This difference could be en

) - ) Lo : hanced if strangeness, in the form of hyperons, kaons or
tionY =Y tY,, at bounce in the interior is estimated to be quark matter, is considered. Neutrino trapping delays the ap-

about 0.4. Theve's formed and trapped in the core during pearance of the strange matter components to higher baryon
collapse are degenerate with a chemical potential of aboWjensities. This implies that during the early deleptonization

300 MeV. In addition, because na or 7 leptons were phase, matter may consist mostly of nonstrange baryons, ex-
present when neutrino trapping occurred, the net numbers @fpt possibly at the very center of the star. But the cooling

eithery or 7 leptons is zero: e.gY, =—Y,~0.Thex and  phase may be characterized by the presence of a substantial
v, chemical potentials in beta equilibrium are related byamount of strange matter, due to both the decreasing thresh-
M= By, = e~ Hyg each side of which has a value of order old density for their appearance and to the increasing central
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density of the star. It is therefore of considerable interest to D
examine the behavior of neutrino opacities in matter charac- An=— " (93
terized by these different thermodynamic conditions. f dE, E" f(E,)(1—f(E,))

0 14 14 14

B. Semi-analytic treatment of neutrino transport ) . .
The diffusion constant®,, D3, D3 and D3 only contain

The neutrino transport in the bulk of the interior may be contributions from electron-type neutrinos, since only these
treated in the diffusion approximation, since neutrinos areyre associated with changes in electron-neutrino number.
very nearly in thermal equilibrium due to the large weak-  Dyring the deleptonization phase, the neutrinos are mostly
interaction rates and the typical mean free path is very smaliegenerate. Thus, the diffusion of antineutrinos can be essen-
compared to the stellar radius until after about a minutg;ally ignored and the neutrino properties are essentially only

when the mean neutrino energy becomes very small. In thg function ofu,. For nearly degenerate matter in beta equi-
diffusion approximation, neglecting the effects of generalliprium, one can show that

relativity, the rate of change of electron lepton number is

related to the electron neutrino number gradient by YL [IYL\ Muo
= ’ (94
&YV &YV /'LV
A, 1 9 zf c()\ E )o7nv(E,,) o
Nn—=—=—r°| 5
gt r2or 3\ o where the subscripd indicates values at the beginning of
deleptonization. For example, foru,,~200 MeV,
_ an,(E,) (9Y_13Y,)o=3. It is instructive to explore the transport be-
N(E)) dE,, (89 L ] : X
ar havior for various assumptions concerning the energy depen-
_ _ dence of the mean free path. Supposing thg(E))
wheren is the baryon number density, =No(N,T)(1,,0/E,)™, one finds in the degenerate limit
E: E? Dn=NoTuflou) ™, n=m. (95)
nv(EV):z—gfv(Ev)= n;(EV):2—3f;(Ev)
2m*(hc) 2m(hc) Therefore, assuming that during the deleptonization phase

@9  the remnant is nearly hydrostatic, H§2) can be written in

. : : ... _terms of the neutrino chemical potential as
are the electron neutrino and antineutrino number densities,

respectively, at energ§,, f,=(1+eE#)/M)~1 and f o
| Pt

=(1+eET4)/TM)~1 gre the neutrino and anti-neutrino dis-
tribution functions, and¥, =Y+ Y, is the total number of

leptons per baryon. The net neutrino mean free path is due to , i L
both absorption and scattering: Note that the terms involving the temperature gradient in Eq.

(92 vanish in the degenerate limit irrespective of the value
oi(E,) of m. The temperature now only enters through(n,T).
(90)  Inasmuch as the temperature in the interior of the neutron
star varies with time only by a factor of about two during the

whereo, andog are the absorption and scattering cross Secgeleptomzatlon, whileu, varies by a much larger factor, a

tions, respectively, and the factor (E,) accounts for the simple understanding of deleptonization can be obtained by

inverse proces$l7]. A similar relation exists for the an- treating), as a constant in both space and time.

tineutrino mean free path, but usés and the appropriate As shown in Ref[47], approximate solutions of E96)
. p ' S - pprop can be found by separating the time and radial dependences
absorption and scattering cross sectiomg,s) for v.s. EqQ.

in :
(88) can be rewritten in terms of the diffusion coefficients Hov

oY\ 3t "w, o, 1 4
L) oo My Oy _ ©6)
0

ayY, c at 2 or|

1
-1 _
Ny (Ev)_l—fy(Ev)i;;,s v

M=ty 0 P(1) (1), 97

(B))  OD  \ith ¢(0)=1 and ¢(0)=1. This separation is justifiable
since the remnant is essentially hydrostatic. The functional

Dn=f dE, E" A (E)f,(E,)(1—T,
0

and a similarly defined;, as follows: forms of ¢ and, and the eigenvalue of the solution, depend
upon the value ofm. In Ref.[47], it was assumed thah
aY, C 1 9 I, IT) =2, in which case¢ decreases linearly with timep=1
n7=ﬁ—2&—r[r2((D2+ Dg)ﬂ—r —t/7. If, instead,m=0, then¢ varies like (1+t/7) 1. In
6w (hc)”r the case om=1, ¢ varies like exp-(t/7). In each caser
A(LIT) is a deleptonization time and is proportionaR&/c\ , where
—(D3—D§)T } (920 Ris the stellar radius. In detail, one finds
o , aY, | 3R? (3—m)2(E-m
The diffusion constants are related to the conventional Ros- T= ) — (99
seland mean free paths by IV, ) ,Cho Ena
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where &, ; is the Lane-Emden radial eigenvalue for index e e R R R R LS T
n=2/(3—m) [54]. For the casen=0, 1 and 2, one finds 255 F E C f“;; Mev ]
n=2/3, 1, and 2, and, ;=2.871,m, and 4.353, respectively. FY,=04 7 125 [L—15 MeV A
Below, we examine the behavior &f, with respect tou,,, 20 = T R0 MeV ]
for fixed temperature, in the interior of a star at the onset of 175 3 E ]
deleptonization, as it appears that the details of deleptoniza- ~ ~ " F ] 1 £ —
tion fundamentally depend upon this behavior. ,,E 15 J i O~ 0\
As the net electron-neutrino fraction disappears, the num- % F 18 L AN \\
ber diffusion equation becomes irrelevant and one should g =5y E %' 075 1 \\»\ R
consider the energy diffusion equatipi7] ZE 10 . — i AN
a 1, 3 os[ -
(95 2 &Evl E ) aYL e E /\\\ E L ]
f EV} ot ° ;_\:i:::"\-i; 0.25 - ]
(99 25 F g
Here, s is the entropy per baryon and, ;=n, E, are the Oo'i'élgl:,'ilfl,'é'7 ollllélélilgl,'élw,'
energy densities, at enerdy,, of neutrinos(or antineutri- u=ng/ng u=ng/ng

nos of specied. Similarly, X, represents the net mean free

path of each neutrino and antineutrino species. This equation FIG. 24. Neutrino diffusion coefficierd, defined in Eq(91) in
assumes the matter to be in beta equilibrium. The energgatter with and without hyperons fol, =0.4 in the field-
densities and mean free paths, in contrast to the deleptoniztheoretical model. The left panel sho®s as a function of baryon
tion situation, contain important contributions from all three density in matter containing only nucleons and leptons. The ratio of
types of neutrinos. The’s of electron-type neutrinos are due D2 in matter without hyperons t®, in matter with hyperons is

to both absorption and scattering, but those of tau-type nelghown in the right panel.
trons have only scattering contributions. Those pertaining to

muon-type neutrinos, besides having scattering contribu-

tions, may also have absorption contributions if muons are Figure 24 show®, plotted versus density for beta equi-

C. Results

present, which is generally the situation only wh¥y  librium matter withY =0.4 for temperatures between 5 and

<0.02 above nuclear densities. 30 MeV for the field-theoretical model adopted earlier. Both
In the neutrino-free case, settipg,=0 in Eq.(99) results  nucleons-only matter and matter in which hyperons are as-

in sumed to appear are shown. One sees that both nucleons-

only matter and matter containing hyperons have relatively
small variations oD, with density at fixed temperature for
(100 n=1.5n,. In the limit of degenerate matter and neutrinos,
this results from the asymptotic behavior of the cross sec-
tions at the Fermi surface, which 'tsocTZ,ue,un,up in the
As is the case with the mean free paths, the diffusion coefrelativistic case[In the nonrelativistic case, see Eq26)
ficientsD,, have contributions from all three types of neu- and (27).] Thus, D, is expected to behave like
trinos. Since the baryon matter, which dominates the specifig /(T,ue,un,up) in this case, and this has relatively little den-
heat, remains fairly degenerate throughout the cooling epoclsjity dependence at high densities since the increase in
the entropy varies practically linearly with the temperature.uou,u, is compensated by the increase/jﬁ. This implies
In the nondegenerate approximation for the baryons and thinat the casen=2 could approximate the deleptonization
neutrinos, the relativistic cross sections are expected to varstage of a protoneutron star, which implies that should
asEZn SO thatD4,ocT /n. However, the baryons are degen- decrease linearly with time. Sin€®, is roughly proportional
erate so we should expect the cross sections to be modifigd 1/T, one has thak,, is roughly proportional to T7?. The
by an extra degeneracy factor ®f u,,. Therefore, we can rising temperature during deleptonization will modify the
anticipate that the diffusion constaniy,; will behave as linear decrease qi, . However, numerical simulations show
T?u,/n. A separation of Eq(100) into temporal and spatial that the linear behavior is approximately correct.
variations reveals that the temperature in the star is then ex- The effect of hyperons appearing during the deleptoniza-
pected to be roughly linearly decreasing with time. The pretion phase at first does not appear to be appreciable, espe-
dicted temperature profile will depend somewhat upon theially if hyperons appear only relatively late in the evolution.
density profile of the star; assuming the density to be apin the presence of hyperons, the diffusion constaptde-
proximately constant, one finds that the temperature profile isreases from its value for the nucleons-only case for a given
that of ann=2 Lane-Emden polytrope. This is different temperature. However, the appearance of hyperons is accom-
from the predictions in Refl47], which, however, did not panied by a general temperature decrease because of the ad-
account for the degenerate nature of baryonic matter durindional degrees of freedom which increase the heat capacity
the cooling stage. However, numerical simulations haveof the system. This results in a very small net change for
demonstrated the qualitative correctness of these remarks.deleptonization times. More important effects from hyperons

25 D Dy, dT

T T2 ar

T(?S C
"ot T em(h C)§—2-
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1S mryr e L L L cal insights, allows us to assess the extent to which the vari-
i ‘\ iy EfIZE’MM‘fV ] ous approximations are valid in both free and interacting
L 1 e2mb € 4
i \.\ =0 F —15 MeV : matter.
HR T o5 [ TTE0 Mev E To explore the influence of baryonic interactions on the
Lo\ i -2 [ —-30 MeV ] . . . .
AN F ] neutrino cross sections, we have examined both nonrelativ-
glon \\.\ 1 22 F - istic potential and relativistic field-theoretical models that are
e i N me C ] commonly used in the calculation of the EOS. We sought to
= K ANy ZQ R TS identify the common features shared by these models. At the
& [ G E = mean-field level in both cases, a relatively simple structure
A LA | 1.75 o E for the single particle spectrum leads to analytic expressions
a5 'k \‘\.\ 7 15 E 7 for the response function, which in turn facilitates a first
"\ ] T F ] study of the role of strong interactions on the neutrino cross
S =] 125 A sections at temperatures of relevance in astrophysical appli-
N 7 - . cations. Specifically, when the effects of momentum depen-
O = 1F - dent potential interactions can be treated adequately in the
0 01234587 0 i éé;gé7 effective mass approximatidine., only the quadratic term in
u=np/ng u=np/ng momentum is retaingd analytic expressions obtained for

noninteracting matter are straighforwardly extended to in-
FIG. 25. Neutrino diffusion coefficierid, defined in Eq(91)in  clude interactions. Effective field-theoretical models at the
matter with and without hyperons faf, =0 in the field-theoretical Mean-field level offer a similar opportunity since the single
model. The left panel showB, as a function of baryon density in Particle specturm is that of a free Dirac spectrum, but with a
matter containing only nucleons and leptons. The ratidgfin ~ density dependent effective mass. Note that in both cases,
matter without hyperons tB, in matter with hyperons is shown in energy shifts in the spectrum arising through density depen-
the right panel. dent interactions are naturally included. Investigating the ef-
fects of more complicated momentum dependent interactions
can be expected at the late stages of deleptonization anll be necessarily more involved. We have also calculated
during the cooling epoch following deleptonization. The to-Neutrino cross sections in matter containing hyperons and
tal D,=3,D,, is shown as a function of density for several @ssessed their influence on the total opacities. 3
values of the temperature between 5 and 30 MeV in Fig. 25. We have examined the role played by neutrino opacities
As suggested in the previous section, an ovéFalbehavior In determining the deleptonization and cooling times of a
is observed. The largéfactor of 2 decrease inD, in  N€Wly born neutron star as it evolves in time. We showed
hyperon-bearing matter relative to nucleons-only matter for &nalytically how these times are related to the relevant dif-
given T would, at first glance seems to imply longer diffu- fusion constants and, thus, the opacities. Although the main
sion and cooling times. However, the fact that the temperaPhysical issues involved are clarified in such an approach, a
tures are smaller in the presence of hyperons somewhat Corﬁuantltatlve assesment must awalt_calculatlons using a more
pensates for this effect and preliminary calculatigss] complete protoneutron star evolution code. The results of
show that there is an overall increase in cooling times foiSUch a calculation will be reported elsewh¢se].
models which contain hyperons. Thus, there are important SOmMe important aspects of our work are:
feedbacks operating between the stellar structure, the EOS (1) An exact and efficient calculation of the phase space

and the opacities that may only be addressed in detaile¥lid for arbitrary degeneracy of asymmetric matter for both
simulations. nonrelativistic and relativistic interacting baryons. The sim-

plicity of the resulting formulas may be especially useful in
IX. SUMMARY AND OUTLOOK the calcglation of elect'ron scattering, for exqmple.
(2) With the formalism presented here, it is no longer
In summary, we have calculated both charged and neutralecessary or desirable to employ “generig:e., EOS inde-

current neutrino cross sections in dense matter at suprgendent neutrino opacities in astrophysical simulations.
nuclear densities. We have identified new sources of neutrinBather, tables of opacities can be constructed directly from
opacities involving strange particles and have computed themguantities already known from the EOS determination. For
weak interaction couplings. The weak interaction cross secexample, the needed quantities are the chemical potentials,
tions are greatly affected by the composition of matter whicheffective masses and single particle potentials of the baryon
is chiefly determined by the strong interactions between theomponents. The first of these are generally tabulated in the
baryons. We have, therefore, performed baseline calculatiorSOS itself. In the nonrelativistic formalism, the effective
by considering the effects of strong interactions on the inimasses and single particle potentials are simple functions of
medium single particle spectra, which also determine theahe particle number densities and kinetic energy densities. In
composition through the EOS. The formalism we have dethe relativistic formalism, the effective masses and single
veloped allows us to calculate the cross sections efficientlparticle potentials are straightforwardly related to the particle
for matter at arbitrary matter degeneracy. From our resultsjumber densities, internal energy and pressure by the mini-
various limiting forms used earlier in the literature are alsomization conditions.
easily derived. This, in addition to providing valuable physi- In the near future, we will prepare tables of both nonrel-
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seems clear that the addition of hyperons in matter will de-

crease mean free paths for a given density and temperature, APPENDIX A: POTENTIAL MODELS

the hyperon-bearing matter has a smaller temperature for a , ,

given entropy and density. Smaller temperatures tend to in- €re, we outline a potential model for a system of neu-
crease the mean free paths, and this effect appears to mc;lrgr)s_and protons at fl_nlte temperature. With s_wtable choices
than cancel the original decrease. The feedback betwedf finite range interactions and parameters, this model repro-
opacities and EOS in a given astrophysical setting must pduces the results of the more microscopic calculatidos

calculated consistently. more details, see, for example, Ref7]). We begin with the
It must be stressed that while we have included som&nergy density
effects of strong interactions through density dependent 828gkin>+8(pkin>+v(nn'np,-l-) (A1)

single particle excitations, there remain important collective
effects from both density and spin/isospin dependent excitawheren,(n,) is the neutron(proton density and the total
tions [10,17,27 and from other density dependent in- densityn=n,+ n,. The contributions arising from the ki-
medium correlationg56]. The magnitude of these effects has netic parts are
so far only been assesed in some special cases such as non-

. 3 21,2
degenerate symmetric matter or pure degenerate neutron (kin) 4 (kin)_ d’k A%k
matter or neutrino-poor beta-equilibrated matter. Further- en tep =2 (2m)3 m(fﬁ fp), (A2)
more, coupling to the\ (1230) isobaf57] and screening by
virtual particle-hole pairs created in the final state interacwhere the factor 2 denotes the spin degeneracyfaar i
tions [16] could reduce the effective matrix elements. The=n,p are the usual Fermi-Dirac distribution functions and
net impact of such effects could be a reduction of some crosis the nucleon mass. It is common to employ local contact
sections by as much as a factor of 2 at high densities. Workteractions to model the nuclear potential. Such forces lead
is in progress to calculate the role these effects on the neue power law density-dependent termsv(n). Including the
trino cross sections at all temperatures of relevance and faffect of finite-range forces between nucleons, we param-
all possible compositions, and will be reported subsequentlyetrize the potential contribution as

1 2/1
—+Xo|(1—2x)2|{u2+Bn, 1-3(5+% (1—2x)%[u’*?

2

1
V(n,,n,, T)=Ang 573

3 3

2 2 47 ZJ d kK, Ap)[fn(1 f
+5u | (2c+az2| o 9k ADLTa(1=X)+ o]

d
2, g(k.Ai><fn+fp)+<ci—8zi)zj 5

)3 )3

(A3)

wherex=n,/n andu=n/n,, with ny denoting equilibrium nuclear matter density. The functigk, A;) is suitably chosen to
simulate finite range effects. The constaAtsB, o, C;, andC,, which enter in the description of symmetric nuclear matter,
and the additional constantg, X3, Z;, andZ,, which determine the properties of asymmetric nuclear matter, are treated as
parameters that are constrained by empirical knowledge.

The single particle spectruey entering the Fermi-Dirac distribution functiois may be written as

7.2k?
&i(k) = 5~ +Uikinx,T), (A4)

where the single particle potentidl(n,x,k;T), which is explicitty momentum dependent, is obtained by a functional differ-
entiation of the potential energy density in EA3) with respect to the distribution functiorfs. Explicitly,
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1 1
Ui(n,x,k;T)=§u Z {5C;=(C;i—8Z)(1-2x)}|g(k,A;)+Au 1I§ §+xo (1-2x)
i=1.2
B 1Te (1o - 2D - 202
WtF3 ot 3 Gl tXs) (1720
21 2C 422f d% k,Ai)f(k)+(3C 422f d% k,A)fi(k A5
+§n—oi=1,2 (2Ci+4Zz)) (277)39(, ) fi(k)+(3Ci—4Z) (Zw)gg(, Dfi(k, (A5
where the uppetlower) sign in ¥ is for neutrongprotong andi #j.
The Landau effective mass is defined through the relation
mt  [Kege | |71 1 »d A -1
= = —  + L— . — ! .
m |k, L+gu 2 {5C=(Ci~8Z)(1-209" (KAl }| (A6)
FI
|
where the prime denotes a derivative with respect to momen- A=159.47,B=—-109.04, 6=0.844,
tum. The finite range interactions may be approximated by
effective local interactions by retaining only the quadratic C;=-41.28 and C,=23. (A8)

momentum dependence: i.g(k,A;)=1—(k/A;)2. The en- _ _ . _
ergy density in Eq(A3) and the single particle potential in Except for the dimensionless, all quantities above are in
Eq. (A5) then take the forms stemming from Skyrme’s ef- MeV. The finite-range parametera; =1.5 and A,
fective interactiong34]. Combining the finite range qua- =3p(F°).

dratic momentum term with the free kinetic energy term, the In the same vein, by suitably choosing the parametgrs
single particle spectrum in EqA4) may be written for X3, Z;, andZ,, it is possible to obtain different forms for the

Skyrme-like interactions as density dependence of the symmetry ene®@y) defined by
the relation
K2
ei(k)=——+U;(n,x;T). (A7) E(n,x)=¢(n,x)/n=E(n,1/2)+S(n)(1—2x)%+ - - -,
2m¢ (A9)

This resembles the free particle spectrum, but with a densityhereE is the energy per particle, amd=n,/n is the proton
dependent effective mass* given by Eq.(A6) with  fraction. Inasmuch as the density dependent terms associated
9'(k7Ai)|kF :l/(RizEl(:O))v where R;= A, /(ﬁkl(:o)) and E(FO) with powers higher than (£2x)? are g(_anerally small, even

o LON2 . ) ) down tox=0, S(n) adequately describes the properties of
=(fkg”)"/(2m) is the Fermi energy of symmetric nuclear 55y mmetric matter. The need to explore different forms of
matter at the equilibrium density. Other forms @fk,Ai),  g(n) stems from the uncertain behavior at high density and
with more than a quadratic momentum dependence, also of;as peen amply detailed in earlier publicatidds,4g. In

fer a viable description of the energy density and the singlgy;s work, we have chosen the potential part of the symmetry
particle potentia(see for example, Ref47]), but do not lead energy to vary asi. For this case

to a spectrum resembling the free particle spectrum in Eq.
(A7). This simple form of the spectrum allows a directevalu-  y — 0410, x;=-0.5, Z;=—11.56 MeV,
ation of the neutrino opacities including the effects of inter-
actions along the lines developed for noninteracting baryons and Z,=-4.421 MeV. (A10)
in Sec. Ill. For more general momentum dependent interac-
tions, the evaluation of the neutrino opacities requires more Since repulsive contributions that vary faster than linearly
complicated techniques which take into account the full mogive rise to acausal behavior at high densities, care must be
mentum dependence in the four-momentum conserving deli@ken to screen such repulsive interactip@]. This may be
functions. achieved by dividing the term proportional t ! (when

The parametersA, B, o, C;, and C,, are determined o>1) by the factor
from constraints provided by the empirical properties of
symmetric nuclear matter at the equilibrium densigy=0.16 14 EB’ E_
fm~3. With appropriate choices of the parameters, it is pos- 3|2
sible to parametrically vary the nuclear incompressibikty
so that the dependence on the stiffness of the EOS may behereB’ is a small parameter introduced to maintain cau-
explored. In this work, we have choséi} =180 MeV for  sality. Note that the single particle potential in E45) must
which then be accordingly modified. The appropriate terms may be

= +X3](1—2x)2{u" 1, (A11)

2
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obtained by wusing the relations a/(ann)|np:a/an
—(x/n)glgx for neutrons and d/&np)|nn=a/(9n+[(1

—Xx)/n]aldx for protons.
For a fixed baryon density, proton fractionx, and tem-
baryo +2VY
peratureT, an iterative procedure may now be employed to

calculate the density dependent single particle poteritigls

andUp, and the chemical potentials, and u,. The calcu-
lational procedure is detailed in Re¢#7]. These quantities, . : .
in conjunction with the requirements of chemical equilibriumte“aSt here, and is therefore not included in &p). Hers
in Eq. (9) and charge neutrality in Eq10) determines the the _effective baryon massedg=Mg—g,go and Eg
composition of stellar matter at finite temperature. The speci= Vk°+Mg“. The chemical potentials are given by
fication of the spectrum in EqA7) then allows for a calcu-

lation of the neutrino opacities which are consistent with the #e= vt guswot g,atasbo, (B3)

underlying EOS. wheretsg is the third component of isospin for the baryon.
Note that particles withzg=0, such as tha and3°, do not

1 1, 1
InZ,= ,BV -m? w0+ =m bo— Em a?—U(o)

d3k "
3|n(1+e—ﬁ<Es—VB>), (B2)
)

where=(kT) ! andV is the volume. The contribution of
antibaryons is not significant for the thermodynamics of in-

APPENDIX B: EFFECTIVE FIELD-THEORETICAL couple to thep. The effective chemical potentiag sets the
MODELS scale of the temperature dependence of the thermodynamical
functions.

In a Walecka-type relativistic field-theoretical model the  UsingZ,, the thermodynamic quantities can be obtained
interactions between baryons are mediated by the exchangethe standard way. The pressurdis=TV !InZ,, and the
of o, v, andp mesons. The Lagrangian density is given by number density for specié® and the energy density,, are
[35] given by

L=L dk 54 -1
=Lu+L nazzf (fEemre) 1)1,
(2m)®

= ; g(_ [ 7Ma#_ngyﬂwu 1 1 1
8H=§m§<72+ U(a)+§mf)wg+ Emﬁb%
_ngﬂyMbp,.t_ MB+g(TBO-)B

1 1
- ZW#VW’U‘V'F Emiw#w“ +2§B: f

dk
(27m)

The entropy density is then given bgy=pB(ey+ Py
—ZXpughg).

The meson fields are obtained by extremization of the
partition function, which yields the equations

_Ef(&E+1)7h (BY)

lg puril ’b, b”+1 ! U
~ 2Buv >m, 2(9 oot a'—ima— (o)

+ZI T(—iy*a,—m)l.

minZEB: 9,8NB; mib():% 9,8l38N8,
Here,B are the Dirac spinors for baryons ahi$ the isospin

operator. The sums include barydds-n, p, A, X, andZE, 5 dU(g')
and leptonsl=e™ andu ™. The field strength tensors for the my,o=— E JdoB
o and p mesons areWV,,=d,w,—d,0, and B,,=d,b,
—d,b,, respectively. The potential (o) represents the d3k M*
self-interactions of the scalar field and is taken to be of the f B (efEs-ve1+1)"1  (BS)
form (2m)°® E§
L L The total partition functionZ,y.=2ZnZ,, WhereZ, is the
_ T 3, - 4 standard noninteracting partition function of the leptons.
Ulo)= 3 bMn(gono) +4C(g"NU) ' (B 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
Electrons and muons are included in the model as ”On'merpotenUal relations required by the general condition

acting particles, since their interactions give small contribu-

tions compared to those of their free Fermi gas parts. wi=bimwn— i, (B6)
In the mean field approximation, the partition function

(denoted byZ,,) for the hadronic degrees of freedom is givenwhere b; is the baryon number of particle and g; is its

by charge. For example, wheér-e ™, this implies the equalities
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UA= hs0= 0=y, s =M= fnt Mo, and Moszkowski58] (GM1). The prevalent uncertainty in
the nuclear matter compression modulus and the effective
Mp=Ms+=fn~ Me- (B7) massM* does not allow for a unique choice of these cou-

_ . pling constants. The high density behavior of the EOS is
In the case that the neutrinos are trapped, @§) is re-  sensitive to the strength of the meson coupling constants

placed by employed. Lacking definitive experimental and theoretical
constraints, this choice of parameters may be considered
i =0 = G (e — ) B8 typical.

The hyperon coupling constants may be determined by

The new equalities are then obtained by the replaceme%producing the binding energy of the hyperon in nuclear

e fre™ My, IN Eq..(B7). Thpj mtroductpn of adqltlonal matter[58]. Parametrizing the hyperon-meson couplings in
variables, the neutrino chemical potentials, requires additerms of nucleon-meson couplings through

tional constraints, which we supply by fixing the lepton frac-

tions, Y |, appropriate for conditions prevailing in the evo-  X,y=0,1/9on:  Xon=09ur/GuN:  XoH=0,n/9,N

lution of the protoneutron star. (B10)
In the nucleon sector, the constagtsy, gun: 9pn, D, o o

andc are determined by reproducing the nuclear matter equithe A binding energy at nuclear density is given by

librium densityny=0.16 fm 3, and the binding energy per

nucleon(~16 MeV), the symmetry energy~30—-35 MeV,

the compression modulu200 MeV <K,=300 MeV), and in units of MeV. Thus, a particular choice gf., determines

the nucleon Dirac effective masé* = (0.6—0.7)< 939 MeV iquel K h ber of I th
at ng. Numerical values of the coupling constants so chosefyes UNAUEY. To keep the number of parameters small, the
are‘o. coupling constant ratios for all the different hyperons are

assumed to be the same. That is

(BIA)y=—28=X,A0uN®0~ XoA0onTo,  (BLD)

/m,=3.434 fm, /m,=2.674 fm,
Gon /Mo M on/Mo m Xg=Xgr=Xys=X,z= 0.6, (B12)

gon/m,=2.1 fm, o
and similarly for thew
b=0.00295, and c=-0.00107. (B9)
Xo=Xpa = Xes =X,z = 0.653. (B13)
These couplings yield a symmetry energy of 32.5 MeV, a
compression modulus of 300 MeV, atd*/M=0.7. This  The p-coupling is of less consequence and is taken to be of
particular choice of model parameters are from Glendenningimilar order, i.ex,=X, .
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