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Including nucleon-nucleon correlations due to both Fermi statistics and nuclear forces, we have developed a
general formalism for calculating the neutral-current neutrino-nucleon scattering rates in nuclear matter. We
derive corrections to the dynamic structure factors due to both density and spin correlations and find that
neutrino-nucleon scattering rates are suppressed by large factors around and above nuclear density. Hence, in
particular for thev,, and v, neutrinos, but also for the, neutrinos, supernova cores are more “transparent”
than previously thought. The many-body corrections increase with density, decrease with temperature, and are
roughly independent of incident neutrino energy. In addition, we find that the spectrum of energy transfers in
neutrino scattering is considerably broadened by the interactions in the medium. An identifiable component of
this broadening comes from the absorption and emission of quanta of collective modes akin to the Gamow-
Teller and giant dipole resonances in nudleéro sound; spin souhdwith Cerenkov kinematics. Under the
assumption that both the charged-current and the neutral-current cross sections are decreased by many-body
effects, we calculate a set afl hocprotoneutron star cooling models to gauge the potential importance of the
new opacities to the supernova itself. While the early luminosities are not altered, the luminosities after many
hundreds of milliseconds to seconds can be increased by factors that range from 10 to 100 %. Such enhance-
ments may have a bearing on the efficacy of the neutrino-driven supernova mechanism, the delay to explosion,
the energy of the explosion, and the strength and relative role of convective overturn at late times. However,
the actual consequences, if any, of these new neutrino opacities remain to be determined.
[S0556-28188)00107-1

PACS numbsgs): 26.50+x, 11.80.Jy, 12.15.Mm, 25.30.Pt

I. INTRODUCTION the energy transfer from the core to the mantle and their
luminosities and spectra are crucial to the viability and char-

In core-collapse supernovae, neutrinos are arguably thacter of the explosion mechanism. These in turn are a func-
engines of explosiofl-5] and the best direct probe of its tion of the neutrino-matter opacities.
internal workings[6—9]. To understand the supernova phe- While at low mass densitiesp& 102 g cm3) neutrino-
nomenon, a theorist requires knowledge of the equation ofnatter cross sections are well understood and characterized
state of nuclear matter, stellar evolution, general relativity[16—18,28, at the higher densities achieved in core collapse
statistical physics, and the techniques of radiative transfethe interparticle spacings are smaller than the wavelength of
and hydrodynamics. However, the opacities and sources dfhie ambient neutrinos and many-body effects and particle-
neutrinos of all the six known neutrino species take centeparticle correlations must be taken into account. lon-ion cor-
stage in this context in which the neutrino “optical” depth relations due to Coulomb interactions have been addressed in
down to the protoneutron star core varies front 10 1, the supernova contextsee Ref.[19]) and their effects,
neutrino luminosities can approach®t@rgs s, and pho- though interesting, have been shown to be small and tran-
tons, the traditional agents of radiative energy transfer irsient [20]. However, near and above nuclear densities
astrophysics, are profoundly trapped. This seems to be &~2.6x10' gcm ) neutrinos with energies below
unique role for neutrinos in the universe. Since neutrinos are-1000 MeV *“see” many nucleons and collective effects
abundantly produced, yet are the most mobile of a collapsethust be considered. In fact, these effects can radically alter
core’s constituents, their microphysics determines the outthe opacity of nuclear matter to neutrinos, since the nuclear
come of core collapse, neutron star and black hole formatiorfprce introduces strong correlations near and above nuclear
nucleosynthesis at and beyond the iron pgRk 11], early  densities.
pulsar kinematic§12], and, perhaps, the asymmetries ob- Many-body effects have been discussed before in the pro-
served in supernova debris cloudss]. toneutron star and supernova contésée Refs[21-25),

In the neutrino-driven mechanism, neutrinos liberatedbut the results were either too approximate or of too-limited
from the core heat matter in the inner stellar envel@be  scope. Pauli blocking by final-state nucleons, a type of cor-
outer protoneutron star envelgpss they emerge. If the total relation, has been a component of supernova and proto-
heating rate is sufficient, the envelope becomes unstable ameutron star thinking for some tim,26,27, but the ap-
is ejected. It has recently been shoj@n-4,14 that neutrino-  proximate treatments employed at high densities can be off
driven convection in this inner mantle can make this procesdy large factors(Sec. VI B). Furthermore, in the case of
more efficient(but see Ref[15]). Hence, neutrinos mediate neutrino-nucleon scattering, the assumption that the scatter-
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ing is elastid 28] and that the nucleons are stationary can bepartially cancelled by a density increase and the emergent
shown to result in errors in the energy transfer of as much akiminosities will reflect the full suppression effects. Since
a factor of 10. A consequence of this is that energy equilithe neutrino luminosity is the agency of explosion, this could
bration of v, and v, neutrinos is brought about not by the be important for a model in which the delay to explosion is
v+v—e*+e” process or neutrino-electron scattering, butnot short. There is an important caveat: accretion of the in-
by neutrino-nucleon scattering. This result, one by-producfalling envelope is a major power source and its continuance
of this study, has also been found by Hannestad and Raffeftan mask the effects of the alterations we find in the neutrino
[29] and in the pioneering work of Reddst al. [30]. The  opacities at depth. Accretion will be less important for the
latter have conducted the most complete exploration of highlower-mass progenitor stars {8.3Mg), which have more
density neutrino opacities to date, taking care to calculatgenuous envelopes. In addition, the neutrino signals observed
them in a manner consistent with a reasonable nuclear equtom SN1987A[6,7] constrain the magnitude of any alter-
tion of state(see also Ref§31,32). Some of our results and ation in our standard model, as does the fact that there is a
formalism recapitulate theirs. However, Redetyal.[30] ne-  fixed amount of energy to be radiated from any given proto-
glected particle-particle and spin-spin correlations and foneytron star. In this paper, to gauge these effects and to begin
c_used on the kinematic effects of nuclear interactions.. Wehe debate on these issues, we perform an idealized proto-
find that the effec_t of many—body correlations on neumno'neutron star cooling calculation.

matter cross sections can be quite large. Nuclear matter is |, gec_ ||, we explain the physics of the correlation effects
more “transparent” to neutrinos than we had heretofore,ng provide a simple, single-channel, model that makes clear

imagined. _ _ the character of the results. In Sec. Ill, the general formula-
Neutrinos interact with nucleons via both charged-current;q, i presented and in Sec. IV the complete correlation and

and neu_tral—current processes. The cha_rged—current proces%amic structure function formalism is derived and dis-
predominate for the electron-type neutrinos by a few factorsy sseq. This is followed by a description of a straightforward
while the neutral current predominates g andv, neutri- — p\cjeon potential model. in reality, the solution of the prob-
nos. The latter carry away more than 50% of the bindinggn, of the nuclear equation of state goes hand-in-hand with
energy of the neutron star. We have found that at the highy,e caicylation of many-body correlations. Since we are not
densities achieved in collapse, both the charged-current arﬁjroposing here to resolve the former, we are satisfied with a
the neutral-current cross sections are dramatically affectefoqe| that captures the essence of the nuclear interaction.
by nuclear correlation effects. In this paper, we focus ofyigrerent nuclear equations of state will yield quantitatively,
neutral-current neutrino-nucleon scattering, both the Fermy, ;; ot qualitatively, different results. In Sec. V, we outline
and the Gamow-Teller parts, and defer a discussion of thg,,r myitichannel formalism for calculating-nucleon scat-
charged-current many-body effects to a later paper. Our f0rfgy g strycture functions and in Sec. VI we present the re-
malism is good for any degree of nucleon degeneracy and,its”of our calculations for various temperatures, densities,
fully incorporates the effects of reaction kinetics, Pauliyng neytring energies. In Secs. 11-VI, we start from the gen-
blocking, and correlations due to Interactions. Energy transg expressions of statistical mechanics that encompass the
fers both to and from the nucleons are consistently includedafracts of the medium on the neutral-current neutrino reac-
One product of this paper is a formalism for calculating injong and proceed to calculations of the effects. In Sec. VI,
full the dynamic structure functions for neutrino-nucleon,, o present the results of a suggestive series of calculations
processes. that might point to the astrophysical import of the new ef-

The effect of increased transparency at high densities Of.ts and in Sec. VIl we summarize our conclusions.
the neutrino-driven mechanism of core-collapse supernovae

is not yet clear. Supernova theory is notorious for its miti-
gating feedbacks and false leads. The eadp00 ms) neu-
trino luminosities and spectra depend upon the material in
the outer shocked mantle of the protoneutron star, where we We can introduce, and qualitatively explain, much of
think we understand neutrino cross sections. As a conseyhat is to come in a simplified system in which we have just
quence, we do not expect that our understanding of this earlyne species of nonrelativistic nucleon with masswhich is
phase will be altered by the new opacities. Even if it could becoupled to neutrinos through only a vector neutral current.
shown that neutrino cross sections at the lower densitieg/e take the weak-interaction Lagrangian density to be
around the neutrinospheres and near the shock were in some

nontrivial sense different, increased transparency would lead

to an increased rate of collapse of the mantle, which, in turn, G

would lead to higher densities, which would partially quench L= —air (X) (1= v5) Yo, (X)N(X), (1)

the effect. The corrections to the scattering rates we address V2

in this paper are more relevant at later times 500

—2000 ms), for it is then that the emergent luminosities are

powered by the energy in the dense core. At this time, sincwheren(x) is the density operator for the nucleori,, is
most of the core pressure is derived from the cold, stiffthe weak coupling constant, and the other symbols have their
nuclear component, and not an ideal gas of noninteractingtandard field-theoretic meanings. In the following, we em-
nucleons, the effective specific heat is not negative, but posploy a system of units in which=c=kg=1.

tive, and cooling does not lead to much of a density change. We write the differential rate of neutrino scatteripg
Therefore, the effect of a decrease in opacity will not be—p, in the medium as

Il. THE ESSENTIAL PHYSICS
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d2r In other words,S(q) is merely the Fourier transform of
=(47) " 1G{(E1—w)? the thermally averaged density-density correlation function.
This is the classic result that scattering off of a medium is in
X[1—f(E;— w)]A%%q,w)S(q,w), (2) reality scattering off of thdluctuationsin that medium. Also
of interest is the long-wavelength limif— 0 justified when
wheref, is the occupation function for neutrinog; is the  the neutrino wavelength is much bigger than the interparticle
energy of the incident neutrind, is the neutrino trace, separatiort. Statistical mechanics provides two useful and
equivalent expressions for the long-wavelength li§(0),
A#Y=(4E1E) HTr [Pa(1— v5) v*P2y" (1= v5)], (3)  the first[33] in terms of the isothermal compressibility of the
mediumK (=—43InV/P5),

dw dcosé

o is the energy transfetg,| —|p,|) to the medium, and is
the momentum transfer|f;—p,|), related tow and p, K
through the neutrino scattering angleby S(O)ZFZIBﬂKT:nK_T, (9)
0
q=[pi+(p1—®)*=2p;(p1—w)cosO]Y% (4 _
whereKj is the ideal gas compressibility amdis the aver-
For the case of free nucleons, the nucleon [B{d, ) age nucleon density, and the secdtitk same as their Eq.

(the dynamicstructure functiohis given by (114.14] in terms of the derivative of the density with re-

spect to the chemical potential of the nucleans

f(Iph[1—f(lp+aD] an
—n-1
S(0)=p o (10)

dp

(2m)®

X2m8(w+ €y~ €pig), (5)

S(q,w)=2J

wheref(|p|) is the Fermi-Dirac distribution function ang, In the ideal gas limit of no corre_latiqn between patrticles,
is the nucleon energy. Equatid@) is Fermi's golden rule E9S: (9) and (10) show thatS(q) is simply equal to the
with final-state nucleon blocking. The energyfunction ex- ~ humber densityr as expected from Eq8) and(5), without
presses energy conservation and momentum conservatiopocking. Equatior(9) reveals that iK is small because the
comes from the matrix elements of the nucleon density opmatter is stiff, in the long-wavelength limit the neutrino-
erators(p’|fd3x €9* n(x)|p), and has already been inte- Matter cross sections aseippressedWhen we r_eplacg Eq.
grated out. From the function in Eq.(5) we see that a (1 by the complete standard model form, including the
typical energy transfes from the medium to the neutrino is axial-vector current and nucleon isospin, we shall require
of the order ofg times the thermal velocityT/m)Y2 Thus, Separate correlat_|on functlo_nS for the neutron and the proton,
in the limit of heavy nucleons, when we integrate the differ-2S Well as for spin correlations. These depend upon suscep-
ential rate(2) over a range ofws the other factors in the tibilities that are different from the compressibility, but we

integrand can be evaluated at=0. We can express this Shall find suppression in these terms as well. _
limit as Equation(10), equivalent to Eq(9) by a thermodynamic

identity, is a powerful result of great generality. In standard
approximation schemes for the many-body problem, the dis-
(Zﬂ)fls(q,w)H(ZW)fllﬂw)J do'S(q,w’)=6(w)S(d),  tribution function for a nucleon species is given by the
(6) Fermi-Dirac distrilytion in Whiﬂ] the chemical potentialis
) . replaced byu—uv(n), wherewv(n) is the average energy of
whereS(q) is thestaticstructure factor. In Sec. VI, we show interaction of the nucleon with the other nucleons and is a

that at the high densities and temperatures achieved in thnction of the density. Thus, the density is given implicitly
supernova context the =0 (elastig limit is not particularly  py

accurate(see also Ref.30]).

When we turn on interactions among the nucleons,(&q. o d®p _
is replaced by nzzf [1+eflPiEm—ptoml=1 (17
27r)3
S(q,w)=27Z l% e BEJJ' d*x €9%(j[n(x) k) The expressiofl1) holds in the Hartree approximation; it
' holds in approaches that introduce mean meson fields instead
X(k[n(0)|j)8(w+E;—Ey), (7)  of nuclear potentials, it holds in the Landau Fermi-liquid

theory (FLT), subject to the proviso that we use only results
where j and k are energy eigenstates, now of the whole
medium,Z is the partition functionT is the temperature, and
B=1/T. If the medium is comprised of heavy enough nucle-
ons, we need only the static structure function defined in Eqs
(6), then given by

We emphasize that the limits discussed in this section are pre-
ented both for pedagogical reasons and because they provide a
boundary condition for the later work in this paper, in which we
require neither limit. Under the actual conditions that prevail in the
S(q)=Z_1Z e—BEJf d3x eiq-X<j In(x)n(0)]j). (8 supernova core the conditions for the limits to be applicable are

j marginally satisfied, at best.
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in which the derivative of the potential (with respect to the mation. We also aim to better systematize the problem by

n) enters, and it holds in approaches using the Skyrme pd<€eping the connections to textbook many-body formafiism
tential. as clear as possible.

Differentiating Eq.(11), we can solve foraﬁ/a,u and
S(0), Ill. GENERAL FORMULATION

To address in complete form the reactions that a neutrino

-1

_,n v undergoes in a medium we need to calculate the appropriate
S(0)=p @Zh(f“) 1+h(f“)ﬁ_ﬁ ’ 12 thermal averages of the weak-current operators for the par-
ticles that comprise the medium. We defifgas the weak
h neutral current of the particles in the medium, other than the
where neutrinos, and we assume conditions under which all species,
) except the neutrinos, are in statistical equilibrium. The prop-
h _Zf d’p  eflPremTar] erties of the medium are embodied in the functitf,
(M)_ (271_)3 [1+eﬁ’[p2/(2m)7#+v]]2 ) .
W, (d,@)=FjuJvlge (15)
3
zzf d psfl(p)[l—fl(p)] (13  where we define the correlation function, , of two
(2m) Heisenberg operato®, andO, as

andf,(p) is the Fermi-Dirac function, but with the chemical
potential displaced by. If we regard particle densities as
inputs to our calculations, then the displacement of the
chemical potential by the nuclear potential is irrelevant, since XTr [e”AH>1NIO, (x,4)0,(0,0)],
the same differencg—v enters the calculation of the den- (16)
sity in terms of the chemical potential. Thus, the numerator
of Eq. (12) contains no more than the familiar Pauli blocking whereZ is the partition function. We can write the differen-
effects(for the caseq=0); the denominator contains all of tial rate for neutrino scattering in terms ¥f,,,(q,»),
the effect of the interactions.

As an example, consider a two-nucleon poteni@). In d2r o1 2 )
the Hartree approximation, the average potential seen by a g, g cosg (47 ) Cw(Ei—@)T1-f(E1—w)]
single nucleon is given by=nU, whereU = [d®xV(x), and
Eq. (12) becomes XA*(Q,0)W,,(d, ). (17)

f[ol!OZ]q,w:Z_lj d4X e—iq.xeiwt

Note that the leptonic spinor-trace and phase-space fac-
tors are as in the golden rule formul2). The distribution
. . . ) functions for initial and final nucleon states, and the golden-
the potential providing an enhancement, if negative, and fule s function, have all been subsumedw, ,(q, ). When
suppression, if positive. The latter is the case for hightne medium is interacting, E4L7) can be taken as the defi-
density nuclear matter. _ _ _ _ “nition of the correct answer, as it is in the form tladt initio
Extensions of the above considerations to include isotopigyermal field theory gives for neutrino transition rates. Alter-
spin and the axial-vector weak hadronic current were giveyatively, when a complete set of intermediate energy and
in Ref. [34]. Closely related considerations were given inmomentum eigenstates are inserted between the two opera-
Ref. [21] for the case of degenerate neutron matter. Bothg,g in Eq.(16), the d*x integrals give thes functions, the
Refs.[34] and[21] concluded that nuclear interactions causey, o matrix elements give the square of fRenatrix, and the
a big decrease in the Gamow-Teller part of the neutrinGnermal factor weights them appropriately, as in . We
opacity in the regions considered in the respective worksiae the medium to be composed of protons, neutrons, elec-
However, in addition to being fragmentary in the domainsyqns and neutrinos and we deal only with the neutrino scat-
that were covered, these works did not address two mporta@érmg from the nucleons in the meditim.
issues:(1) the errors in doing the integral over by assum- For the nuclear contribution, we assume that the nucleons

ing that the neutrino parts of the matrix element and phasgsmain nonrelativistic to write the space components of the
space factors are independentedbver the region of domi-  f,nctionW . in the form
%

nant contribution and2) the applicability of theg=0 limit.

These limits are the least justified for the case of trapped———

electron neutrinos in the early dense core, where the momen-

tum transfers in neutrino scattering are comparable to the?n what follows, we will use a number of formulas from Fetter
inverse particle spacing. and Waleckd 35|, hereafter referred to as FW.

In the present work we address these deficiencies by using®of course, neutrino-electron scattering through the neutral-
methods that incorporate all of the physics of the above discurrent couplings must be taken into account in the determination of
cussion and previously cited papers, but which calculate thghe total opacity, and for the case of electron neutrinos the charged-
dynamic structure factor as a function af, ) and do the current interactions with nucleons and with electrons must be used
integrals over the neutrino variables, without further approxi-as well.

S(0)=h(p)[1+h(p)U]™, (14
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Wi 0=Wp; =0, W; ;(0,0)=Wa(d,0)5 j+Ws(q,»)0;q; . S(q,w) defined in the last section. In the field-theoretic ap-
(18 proach to the quantum many-body problem there are well
formulated perturbative techniques for directly calculating
We defineW, =W, . The lepton trace can be expressed incorrelation functions limits forg not equal to 0, and as a
terms of these functions as follows: function on energy transfes. Application of perturbative
v techniques to the strongly coupled nuclear problem must be
W, A= (14 cos 6)Wy+(3—cos 6) Wy judicious, to say the least. We present results based on the

+w%(1+cos O)Wg, (190  summation of ring graphs, which play a special role for two
reasons.
where, as before] is the scattering angl&V,, represents the (a) If we take our potentials as literal potentials, then the
Fermi (vectop term, andW, is the Gamow-Tellerfaxial-  long-wavelength, static, limit of the ring sum gives exactly
vecton term. the answer obtained directly from statistical mechafhkxs.

The W term in Eq.(19) vanishes in the absence of inter- (14)] for the density-density correlation function, where we
actions among the nucleons. In our later parametrization ofise the Hartree energy in the equation of state. We give an
the forces, it can become different from zero only when aexplicit calculation of this limiting result in Appendix B,
tensor force is added to the conventional four central forcegogether with the extensions of the long-wavelength limits to
We have directly evaluated the contribution to the opacitythe other correlation functions defined in the previous sec-
from the tensor force coming from single neutral-pion ex-tion. This makes it clear that we must at least sum the rings
change and find, for degenerate matter around nuclear detf get to the Hartree level for the correlation function.
sity, We~2X 10 °W,(MeV) 2. The tensor terms give an (b) Taking our potentials as effective zero-range poten-
additional opacity that is a small fraction of that due to thetials, chosen to match the parameters in the Fermi-liquid
axial-vector terms\(V,), and we drop them in what follows. theory, the ring sums again give the extension of the static

The nonrelativistic limits of the standard model neutralSusceptibilities of the FLT to the dynamical response func-
current to be used in Eq15) can be expressed in terms of tions S(q,w). Furthermore, we shall find in the calculations
the neutron and proton density operatogsandn,,, and the that follow that in the majority of the parameter domain, the

Z component of the spin-density operatorsnff" integrated correction factors produced by the ring calcula-
=yl Tatn o P tions are not greatly different from those given by the long-
mpTETnLe wavelength forms of Appendix B.
i0(X)=CPny(x)+CMn,(x) To follow a graph summing approach we must replace the
vV ''p VvV ''n ’ . h . .
“correlation functional” of two (bosonig¢ operators defined
300 =gal NP (x) =P (x)], (200 in Eq. (16) F by a retarded commutator ford,

where C{P)=1/2—2 sir? 6, C{"=1/2, go=—1.26/2, and
sir 4,=0.23. By rotational invariance, we need only the

~ i ) )
f[Ol,OZ]q‘w: — Zf d*x e ia-xgioty {e_E(H_EMiNi)
correlation functions of th& component of the spin but,

since the medium is not invariant under isospin rotations, we X[01(x,1),0,(0,0 ]} (1), (23
use separate neutron and proton currents.
For the vector(Fermi part, we now obtain where hered(t) is the theta function.
The “correlation functional,” Eq.(16), is recaptured
Wy(g,w)=(C{)2S,,(q, @)+ 2C{P'C{VS, (g, w) through[FW Egs.(32.14 and(32.16],
+(CV)?Shn(9, @), (21 Fao=21m [?q’w](l—efﬂ‘”)*l. (24)

where the structure functions are definedsgs= 7 n,,n],

Spn=71Np,Np], andS,,= FL Ny, Ny .

For the axial-vectoiGamow-Telley part, we have

Reverting to the single-channel problem for illustrative
purposes, we define the polarization function as

Wa(d, @) =g[ Spp(0, @) + Spn(d, @) —285,(0, @) ] [1(g,@)=FTn,n]g,, (29
=gASa(g,@), (22 so that
where Sp=7Tng g1, Sh=sIng.ni?), and S5, S(g,0)=2 Im[I1(g,0)](1—e #*)~L  (26)
=FAn® n)1. The purpose of the remainder of this paper is
to calculate the six structure functions. Note that we can use the fact that If(q,w) is odd in
the variablew to derive from Eq.26) the relation that em-
IV. COMPLETE CORRELATION FUNCTIONS bodies detailed balancg(— w)=e #“S(w). The ring ap-

. , proximation[sometimes referred to as the random phase ap-

In the c_ievelopment given in Eq89)—(14) we saw how proximation(RPA)] then gives
the equation of state, through the bulk modulus, gives the
long-wavelength limit of the equal time density-density cor- (g, 0)
relation function. In the present section, we extend these re- (q,w)= ! '
sults to the calculation of the several correlation functions 1-v(q)I9(q, w)

(27)
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wherev(q) = fd*xV(x) andI1(9(q,w) is the free polariza- Upp(A) =vnn(@)=v1(q) +v4(0),

tion. Equation(27) is of the same general form as EG2)

for the equal-time and smadj-limits. If we take only the Vpn(@)=vnp(A)=v1(q) —v2(q) (32
numerator in Eq(27), we recover the effects of Pauli block-

ing alone. and (b) to determine the Gamow-Tell&*(q,») elements,

To complete the calculation, we need the real and imagiwe use
nary parts ofl1°)(q,w), which we derive in Appendix A:

Vpp(A)=Vhn(A) =03(q) +v4(q),
1+ (5TQ+Bu

m? [(=ds
Rell9(q,w)= f —In

222qp)o S | 1+e (- Fha vpn( @) =0hy(@)=05(a) —v4(a). (33
+(w—— ) (28) Of course, in the nuclear interaction problem within nu-
clei, as well as at the higher densities in neutron star matter,
and there are a few complicationét) there is not a potentia(2)

taking one anyway, it is too strong to allow the use of per-

m? 1+e F+Bu turbation theory, (3) the better numerical methods.g., cor-
Im 11 (q,w)= 2754 In a0 29 related basis functiopdor determining the ground-state en-
1+e ergy of nuclear matter from a phenomenological potential
Where may be poorly adapted to calculation of the dynamic struc-
ture functions.
mg\Y¥ o q Since it is the excitations of the medium, rather than the
Q:(T) (—— 2—) (30 cold equation of state, that really enter this problem, the
q m Landau Fermi-liquid theory provides a framework for pro-

ceeding. This theory defines an energy functional associated

an(_jrforrgt we tihould.sub§st|tute tfhe iﬁecu\tﬁ lt“nemé [3031' . with variations of the various densities. We define combina-
o obtain the variou$s(q,w) functions that are used in tions of density variations

Eq. (27) for determining the rates, the above formulas are
generalized to the multiple-channel case by considering the S = SN+ 8N
correlations of every pair of densities from the set 0.0 P n
Np.Nn.N3.N5. The cross correlations between the densities

and the spin densities’ vanish, as do all dynamical connec-
tions between the two at the ring level, so that we are left
with two 2X2 problems in solving for the correlations. In
each sector, we define a matrix polarization function

H(q,w)i,]:ff[ni .Njlq,» @nd a ring approximation, which is
the simple matrix extension of EqR7). For the free polar- where the vertical arrows signify spin-up and spin-down

ization matrixI1®) we take a diagonal matrix in which the gengities. The absence of an arrow implies the sum of these
proton and neutron elements are given by Eg8) and(29), densities.

with the respective proton and neutron chemical potentials ¢ energy response to these variations that defines the
Mp andu, in place ofu. The generalization of the potential | T is given by
v will connect the proton and neutron elements. The ele-

53’(): 5np_ §nn y
8o3= onl+dn),—nl—an},

833= onl—on)— sni+ o}, (34)

ments of the structure function matriceandS" used in the \
rate formulas follow immediately from the matrix form of SE=, ei(o)(q)éni(q)JrEE [Sod @) S0’ )F
Eqg. (27). It remains to address the potentials. o a.q’
Nucleon potential modeA general velocity-independent NE' ’
local two-body interaction between nucleofa and (b) is * 95,0 @) G5 A)F '+ 20.4(0) S0 ') G
given by +9340)d34q")G'], (35
VAPV (1) + 72 72Vo(r) + 02 gPVa(1) where\ = 72(2m* pg) ~! and pg is the nucleon Fermi mo-
mentum. The FLT parameters are usually a function of the
+ 72 P62 gPV (). (31) angle between andq’. We shall consider the wavelength in
our application to be long enough so that only ®wevave
This leads directly to the following constructién. parameters,,F(,Go,G} enter. Then, we note that the in-
(@) To determine the Fernt(q,») elements, we use teraction term, quadratic in thé’s, is exactly what one

“4In interpreting these matrix elements it should be borne in mind Sgqr example, our plane-wave Hartree approximation, used with
that they are not analogous to matrix elements of an operator behe potential that is attributed te@-meson exchange, would give
tween single-particle states. They operate in a space of two neutrgduch too much positive energy and too great a rate reduction for
densities(the arguments off) and describe the scattering of two the Fermi terms, since it does not keep the particles apart at short
particles, with no charge exchange. distances.
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would get from the form(31), with zero-range two-body dar

potentials, where we defing=[d3rV,(r), and obtain =(47) 1GLE 11 ,(Ey)]

dwd cos 6
v1=AFqg; v,=AF}; v3=AGy; vs=\G}. (36) X {(14cos 6)(CV)?S,n(q, )+ (3—cos #)gi

Note that all thev;’s are real. X[Spp( @)+ Shn(d, @) = 2S5(a )]}, (38)

The parametex in Eq. (35) implies that our potential has
a density dependence. However, we view this as simply pat”f’
of the mechanics of fixing our parametgid®rV; in terms of
the hodgepodge of nuclear phenomenology, at nuclear de
sities, and meson-exchange considerations that went into t
fixing of the FLT parameters. We keep the parameier
fixed at its value for nuclear density, and use our derived Spp(d: @) Spn(Q,)
parameters at all densities. This is clearly a sounder proce- S(A.0)={ s, (q,0) Sin(a,0) |-
dure at or near nuclear densities, where unextrapolated phe-
nomenology was the main input, but we shall calculate the
results over a wide region of densities nonetheless. We note
that the use of Skyrme interactions, expressing an effective _ 0 0 1
energy functional as a form quadratic and cubic in the den- S(q,@)=2Im {T1'(q,0)[ 1~ v()TT1V(q,»)] "}
sities, would be subject to the same caveats. X (1—e Ae)~1 (39
For supernova and protoneutron star applications, we
must include Coulomb forces in our interaction Hamiltonian.yhere
We can do so by adding to thigero-rangg proton-proton
force in Eq.(32), a Thomas-Fermi screened Coulomb force Hgo)(q,w) 0

between protons (0) —
1(@.«) 0 MY

hereE,=E;,— .

The structure functionS andS” are elements of separate
X2 symmetric matrices. For the vector dynamic structure
ﬁgnction S we have

The structure function matrix is given by

vpp= | A3 rVPP=v,+v,—0v v+ 47X 0%+ 050 L,
PP f R AL and HE)O) and Hgo) are given by the polarization function,

37 defined in Eqs(28) and(29) and evaluated with the proton

_ and neutron chemical potentials, respectively. The potential
where gf.=4e*7"%(3n,)?". In the denser regions of the matrix is

star, the screening momentum is larger thangter typical

neutrino scattering. In this case, the Coulomb term in Eq. vitv+AmeA (P Tt v,
(37) for the proton-proton interaction is independengafnd v=
e26 V17 U2 vitus |’

V. FINAL PROCEDURE FOR CALCULATING »-NUCLEON where thev’s were defined in terms of Fermi-liquid param-

STRUCTURE FUNCTIONS etersin Eq(36. _ _ o
In a real calculation, in all the kinematic expressiomss

From Egs.(17), (19), (21), and(22) and taking only the to be replaced byn*. Unfortunately, the relation of Landau
neutron part of the vector-current coupling, the differentialparameters to experimental results depends upon the effec-
scattering rate is given by tive mass in model-dependent ways. Takinj=0.75m, as

our fiducial value for the effective mass, we use parameters
from Refs.[36,37: Fy=—0.28,F;=0.95,G4=0,G,=1.7,
®The physics of this additional term can best be elucidated byand\ =2.63x10°> MeV ™2, obtaining
considering for a moment what the effects would be if the Fermi

term in our weak current coupled only to the protons in the medium v,=—7.4x10 % MeVv 2
(rather than almost entirely to the neutrons, as in the standard
mode). In this case the scattering of neutrinos would be dominated v,=2.5X 107° MeV 2,
by the scattering from proton-density fluctuations on the order of
the neutrino wavelength. For long neutrino wavelengths, such fluc- 0-=0
tuations are strongly suppressed by the Coulomb force. When e
< the price paid in energy for the fluctuation is measured by the _ 5 )
v,=4.5X10° MeV™“. (40

increase in the kinetic energies of the neutralizing electrons, and we
note that in this limit the Coulomb term in E@37) is just the .
second derivative of the electron Fermi energy with respect to elec- FOr other values of the effective mass, we keep these
tron (or proton density. In the case at hand, where &jp=1/2 so potentials at the same value, which is to say we assume that
that the weak coupling is entirely with the neutrons, the Coulombthe Landau parameters are proportionalmtd/m. For the
force between protons turns out nonetheless to be quite importanlominant spin-independent term, this accords with the
because of the strong coupling of neutrons to protons in the&onventional wisdom that the symmetry energy per nucleon
symmetry-energy term. can be written in the forma[ (A—Z)/N]2.
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The form for the Gamow-Teller matri$*(q,w) is the  nominator, an illustration of the importance of the explicit
same as that foB, except that the potential matrix is re- inclusion of Coulomb forces, even for the neutron density
placed byv”: correlations. Since the;'s are all real, we obtain for the

structure factors used in E(B8)

U3+ Vg U3 Uy
VA= vg—vs vatva)- Se(q,0)=2Im I (1—e A*) 1y, (44)
where
Taking the matrix inverses leads to the following forms

for the combinations of structure functions that appear in Eq. Cy=(1-veRe )2+ p2(Im I1V)2 (45)

(39)
and

Sen(@,0)=2Im [TIDy*](1—e %), (4]
Sa(0, @) =2[Im 17 (q, @) +Im 117 (q,w)]
where

X (1—e F)~ic, 7L, (46)

Dy=1—(v1+v) 1Y~ (v —vp) 2N
where

X[1=4me*(q?+ a7 I = (vt v ) V]

42 Ca={1-veRell{(q,0)+RellP(q,w)]}?

+u[Im T +Im T 2. (4
which corresponds in theg(w)— (0,0) limits to Eq.(B7). varlIm I1,7(g, @) +1m ;7 (g, w) ] (47)

If, as in Eq.(40), we takevz;=0, we obtain the simple TheF in Se(q, ) and theA in Sy(q,w) stand for Fermi

result for the axial-vector current terms, and Gamow-Telleraxial) andvg andvgr equal @1+vy)
) ) and v,, respectively.Cy, 4 is the correction factor due to

Sa(q0) = 2Im I1,7(9,0) +11,7(9, ») many-body effects for a given momentum transfer scat-

AV 1—v4[H§3°)(q,w)+H§,°)(q,w)] tering angle and energy transfer.
—Bwy—1
X(1-e P, (43 A. Collective excitations of the medium
which corresponds in theg(w)— (0,0) limits to Eq.(B9). For most regions of phase spack, andC,, are greater
than one and represent suppression in the scattering rates.

VI. RESULTS Their effects on the integrals over and 6 are always sup-

pressive. However, the terms containing the real parts have

The formulas that we have developed to calculate dyroots; these roots represent collective excitations. For the
namic structure functions and scattering rdtes, cross sec- Fermi term, zero sound in the medium can be generated if
tions) for neutrino-matter scattering in nuclear matter, in par-the scattering has aw(q) pair that satisfies the mode’s dis-
ticular Egs.(38), (41), and(43), can now be used to obtain persion relation, i.e., if it hits the resonance. Similarly, for
guantitative results. One is free to insert whatever parametethe Gamow-Teller term, spin waves in the protons and the
for whatever thermodynamic states and nuclear models, buteutrons(related by a set phasean be generated. These
we here choose to focus on a generic subset of possibilitiesiodes are the traveling-mode equivalents of the Gamow-
to demonstrate the character of the new results. Since themeller resonance in nucléa standing wave The zero sound
are six neutrino species in thermal equilibrium in the superof the Fermi part is analogous to the giant-dipole resonance
nova core and the electron types have very different chemiin nuclei. The resonances increase the structure function
cal potentials than the,’s and »,’s, we drop the blocking when the scattering transfer ratio'q equals the ratio of the
term[1—f ,(E,)] in calculating the total suppression factors. collective excitation’s angular frequency and wave number.
This term is trivial to include in the general case, and for theFor a given scattering angle, one can plot the differential
v,’s and v,’'s its omission introduces only a small error. cross section i and cosf as a function ofw/q to see the
However, we want to avoid expanding the number of com+esonances. In Fig. 1, we display this for five different-
parisons unduly and the reader is free to employ the derivedngles between 15° and 180°, an incident neutrino energy
equations to calculate everything for any combination of paof 20 MeV, a temperature of 5 MeV, a density of
rameters. Since for the differential cross sections one doe®x 10'* g cm 3, and an electron fractio¥, of 0.3. We see
not integrate over the energy transterand we present not in Fig. 1 that the resonances in both the forward and the
absolute cross sections, but cross sections normalized to tiackward directions line up at the same valueswdf], as
noninteracting case, the differential cross section results arexpected for a collective mode, and we can straightforwardly
fully general. Final-state nucleon blocking is always in- calculate the mode’s dispersion relation. This is akin to the
cluded. Cerenkov effect. Note that the Gamow-Teller term domi-

For the Fermi term, sinc@s,p)=1/2—2 sirf 6,~0, we  nates the Fermi term, so that in Fig. 1 we are really seeing
drop the proton structure function in E8). Furthermore, the spin waves related to the Gamow-Teller resonance. How-
we use the potential parameters given in &), and in Eq.  ever, the dispersion relations for zero sound and these spin
(42) we drop the third term. This term would have beenwaves are generally similar. In fact, recalling the classic re-
significant had it not been for the Coulomb term in the de-sult [35] that in the weak-coupling limit, the speed of zero
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FIG. 1. Log, of the doubly differential cross section for neutral-  FIG. 2. Log, of the Gamow-Teller structure function versus

current neutrino-nucleon scattering versafg| for scattering angles  /q for an incident neutrino energy of 20 MeV, energy transters

15°, 45°, 90°, 135°, and 180°. The calculations were performed agf 6, 8, and 10 MeV, two values of the effective mags*(

a temperature of 5 MeV, ¥, of 0.3, ap of 310" gcm 3, and  =[0.75m,,1.0m,]), and two values of the density € 3x 10 and

an incident neutrino energy of 20 MeV. The default potentials10'> g cm™3). A temperature of 5 MeV and ¥, of 0.3 were used,

(ve7=4.5%10"% and v=1.76x107%) and effective massnf* as was the defauligr (=4.5x107°).

=0.75m,) were employed. The differential cross section is divided

by the total scattering cross sectiom,] in the noninteracting, no-  for this purpose we have employed the default potentitds

nucleon-blockingw=0 limit. and effective massng* =0.75m,). Note, however, that the
formalism we have derived is fully general, as long as the

sound in a degenerate SyStem-is e, Wheren gomis the nucleons can be as_sumed to be nonrelativistic_and we are in

Fermi velocity, and recalling that for nucleons in nuclei the perturbatlve_l_|m|t. Since we .calc.ullat-e at given neutron

Urermi IS ~0.3c, the calculated resonance value«df is not and proton densmegn a.nd'“P are |mpI|c_|t In the.formallsm,

unexpected. In Fig. 2, we plot the Gamow-Teller structure®s would pe t'he §h|fts In th.em dug to mt_eractl@B@]:

function versusw/q for various values ofv, m*, and two We dep_lc_t in Fig. 3 the singly differential scattering cross

values of the density. Am*=m.,, for each value of the sect!on, divided(normalized by the total .scf'itterlng cross

density we obtain a sharp resonance, but at two differentSction off of nucleonsd,), for a range of incident neutrino

speeds, reflecting the crude’® dependence expected for energies. We h_ave “Sed Eq88), (44-(47) to generate

_ . : . P éhese curves. Figure 3 is a study of the dependence on inci-

Urermi- OT a given density, the mode speed is seen in Fig. dent neutrino energgl, 5, 10, 20, 30 MeY, at a fiducial(but

to be inversely proportional to the effective mass. The width” ™. nerg S 614 RN

of the resonance is determined by the magnitude of thgrbltrary) density (=3x1 _gcem ), temperature T

imaginary part of the polarization function. =5 MeV), and electron fraction¥(,=0.3). Also shown as
dashed lines are the corresponding curves without the many-

body correlation effects@, ,) and form*=m,, but with
final-state nucleon blocking. Table | depicts the correspond-
ing many-body suppression factors, obtained by integrating
To calculate the singly differential scattering cross sec-under the curves, as well as both the average energy transfers
tions (do/dw), we must integrate Eq38) over cosf. Since  ({w)) and the rms of the energy transfers,fg. Without
for a givenw and incident neutrino enerdy, this integra- neutrino blocking, the total suppressions we present in the
tion is also over a range of s, in the process we are smooth- tables are very close to the full results fgy's andv,’s. For
ing over resonances. As a consequence, there is no obviowg's, it is more important to include thel—f,(E,)] term,
direct signature of them in the final result. It is the doublysince there is a net electron lepton number in protoneutron
differential structure functions and cross sections that retaistars for most of their interesting lives. Figure 3 is rich with
the character of the collective modes and resonance. Thaformation that we will try to summarize. Positive repre-
integral over the singly differential scattering cross sectionsents energy lost from the neutrino and negadivepresents
yields the total cross section, and this can be compared tenergy lost by the medium. First, notice that the widths of
that without correlations to gauge the magnitude of the supthe curves increase with the incident neutrino energy. Even
pression of the rate. To demonstrate the nature of the corrder the curves without many-body effects, the widths as de-
lation effects, we have opted to present figures and tables fgricted in Fig. 3 and in Table | are quite large. Such widths
a subset of the possibleT-Y-E; combinations. Recall that call into question the elastic approximatifi26,2§, but also

B. Differential scattering cross sections
and suppression factors
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FIG. 3. The log, of the differential cross sec-
tion for v-nucleon scattering versus the energy
transferw for various values of the incident neu-
trino energy €, = 1, 5, 10, 20, 30 MeVY. The
dashed curves neglect the many-body effects as-
sociated withm* and C, 4, while the solid
curves include them. A density of
3x10% gcm 3, a temperature of 5 MeV, and
an electron fractiorY, of 0.3 were assumed. The
curves were normalized to the totatnucleon
scattering cross section without nucleon blocking
or many-body effects.
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imply that energy equilibration for the,’'s and »,’s by  distributions, even without th€,, ,'s, seen in Fig. 3 and
v-nucleon scattering dominates over the annihilation procesgbulated in Table I. Including many-body effects further
v+v—e'+e” and v-electron scattering, both with much flattens and broadens the distributi@ee beloy, while low-
lower cross sectionf29]. Equilibration for thev,'s is still ering the central values @fo/dw, as well as the total inte-
via the charged-current absorption process n—e™ +p. gral overw.

One major reason the widths are larger than are familiaris As Table | demonstrates, even without many-body ef-
that in the past people thought that the neutrino could lose ifects, nucleon blocking is a large effect, larger than the elas-
v-nucleon scattering an energy equal to only aboutic (3/2)(T/u,) correction that comes from the low-
—Ef/m,c?, i.e., that the fractional energy lost is of order temperature expansion in powers Bf That correction can
p,/m,c (~1%). However, this assumes that the nucleonsbe applied in the extreme degenerate limit, but the nucleons
are stationary. In fact, they are thermal and, the fractionahre only partially degenerate in protoneutron stars and super-
energy they can transfer in a collision to the neutrino is ofnovae, even at nuclear densities, and the extreme degenerate
orderp,/myc. Since the nucleons have such a large mass, iimit is never achieved. The error in using the
they and the neutrino have the same enepgym,c is much  (3/2)(T/u,)-correction ansatz can be as much as a factor of
larger thanp, /m,c, at incident neutrino energies of 10—30 2, depending upon the nuclear interaction model.

MeV by as much as an order of magnitude. The formalism Note in Table | that the many-body cross section suppres-
we employ incorporates the kinematics of such a collision, aion factors are not strong functions of the incident neutrino

realistic Fermi-Dirac energy distribution for the nucleons,energy, except at very low energi@sg., 1-5 MeV, but that

and final-state nucleon blocking. The upshot is the broadhe suppression factors themselves are quite large at this fi-

TABLE |. The total suppression factorsS), average energy transferéa()), and rms energy transfers
(wme for various incident neutrino energiesE{). The temperature is 5 MeV, the density is
3x10" gem 3, and the electron fraction is 0.3. These quantities are shown for both the many-body case
and for the case without correlations or a renormalized rf®gsscript or superscript) OAll the energies are
in MeV. For the many-body case, the default nuclear model described in the text is employed. The suppres-
sion factors are the factors by which the default total cross section should be multiplied to obtain the
corrected total cross section.

E; (MeV) S So (@) (MeV) (@) (MeV) wims (MeV) s (MeV)
1 0.131 0.217 -0.917 -0.207 0.592 0.295
5 0.090 0.202 —3.749 -0.852 3.088 1.432
10 0.060 0.186 -5.064 —3.000 6.068 2.755
15 0.045 0.173 —4.204 —1.288 8.241 3.939
20 0.038 0.164 -2.156 -0.970 9.492 4.977
25 0.035 0.158 0.287 -0.385 10.195 5.881
30 0.034 0.154 2.779 0.402 10.687 6.671
40 0.035 0.152 7.583 2.375 11.569 8.007
50 0.038 0.155 12.109 4.649 12.522 9.143
60 0.041 0.161 16.413 7.063 13.574 10.177
70 0.046 0.169 20.549 9.532 14.712 11.161
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FIG. 4. Similar to Fig. 3, but for various tem-
peratures(5, 7, 10, 15, 20, 30 MeVand at an
incident neutrino energy of 20 MeV.
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ducial thermodynamic poirthear nuclear densityThe extra  fer from the medium to the neutrino becomes more likely as
suppression, beyond that due to nucleon blocking, is duéhe temperature rises. This is to be expected and is all the
both to the decrease in the effective méestor of ~1.5)  more pronounced in the many-body case. As in Fig. 3, the
and to the many-body correlation terifig . The total fac-  differential cross section is flattened when interaction effects
tor is between 10 and 30. This means that the combination adre included, but Fig. 4 shows that this flattening effect is
final-state nucleon blockinga factor of ~6 by itself and  more significant at higher temperatures. As Table Il demon-
many-body effectganother factor of 3 to ¥renders the su- strates, though the total suppression diminishes with tem-
pernova core much more transparent to neutrinos than prevperature, many-body effects still increase it, the more so at
ously thought. We remind the reader that we are here calclewer temperatures. Given the large valueg®§ and @,
lating only the neutral-current rates. While they dominate forit is difficult to see how even a Fokker-Planck treatment of
the v,’s and v,’s, the charged-current dominates for the neutrino energy redistribution via these processes could be
ve's. Nevertheless, we are in the midst of preliminary calcu-viable and the full redistribution formalisf88,39 may be
lations that indicate that the suppression of these rates is alsequired, at least for the,’s and thev,’s.
quite large[Burrows and Sawye(in preparatioly see also Figure 5 depicts the density dependence of the singly
Reddyet al. (in preparatio. differential cross section fromp=10? gecm 3 to p

The previous assumptions concerning the distribution in=3x10"* gcm 3, with and without many-body effects.
energy transfers for-nucleon scattering were more akin to The temperature is kept constant at 5 MeV and the incident
the narrow(quasi<d function) curve, seen in Fig. 3 for 1- neutrino energy is 20 MeV. Table Il displays the corre-
MeV incident neutrino energy. The contrast between thasponding total suppression factdis) and w,,s. Both Fig. 5
curve and the others is manifest. and Table Il demonstrate that the total suppression effect

Figure 4 is similar to Fig. 3, but for a range of tempera-increases quickly with density beyond'#0g cm 2 and that
tures(5, 7, 10, 15, 20, 30 Me) The calculations were done due solely to many-body effects increases quickly beyond
at E;=20 MeV. Superposed are the corresponding referi0* g cm 3. In fact, the total correlation suppression factor
ence curves fo€,, ,=1 andm* =m,,. Table Il lists the sup- reaches~100 at 18° g cm3, calling into question the per-
pression factorg¢w) and w,,s. As the temperature rises, the turbative assumption itself. Nevertheless, it is clear that cor-
suppression diminishes. It is clear in Fig. 4 that energy transrelation and many-body effects can drastically lower the

TABLE Il. As in Table I, the total suppression factor§)( average energy transferéa()), and rms
energy transfersd,s, but for various temperatures at a given incident neutrino endtgy 20 MeV). The
subscript or superscript 0 corresponds to the case without many-body effects, but with final-state nucleon
blocking. This table corresponds to Fig. 4, but also includes numberB=f@& MeV.

T (MeV) S So () (MeV) () (MeV) wmms (MeV) %y (MeV)
3 0.021 0.093 2.693 0.598 6.623 4.292
5 0.038 0.164 —-2.158 —-0.970 9.497 4.977
7 0.065 0.240 —6.153 —1.856 11.221 5.358
10 0.118 0.350 —-10.193 —2.699 12.482 5.810
15 0.227 0.516 —14.355 —-3.734 13.928 6.614
20 0.351 0.659 —17.572 —4.726 15.695 7.618

30 0.639 0.900 —24.603 —7.118 21.660 10.575
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neutral-current rates in high-density supernova cores. Not&/ith temperature fixed at 5 MeV, and neutrino energy fixed

that the widths displayed in Fig. 5 increase with increaging at 20 MeV, we find less than a 5% discrepancy for a density

This reflects the increasing nucleon degeneracy and increasf 10'* g cm 3. However, the discrepancy rises steadily to

ing average nucleon energy that accompanies incregsing nearly 50% at a density of 1 gcm 3. These numbers
Taking a temperature, density, ai profile from an confirm that the static ap_proach is adequate only in some of

early post-bounce model of Burrows, Hayes, and Frypajll ~ Parameter realms occupied by supernovae.

we show in Fig. 6 the corresponding differential cross sec-

tion curves atE;=20 MeV for a “realistic” profile. Table C. Correction factors versus energy transfer

IV displays the total suppression factqs) and wyms. The It is instructive to calculatel?I'/dwd cosé, after integra-
total suppression effect at the center is greater than 30, th@bn over coss (i.e., do/dw), with and without the?,, andC ,
due solely to many-body effectsis5. The(w) andwmsare  terms and a renormalized nucleon mass, and to take the ratio.
also large. Even at 16 g cm™3, the extra suppression effect This gives one a sense of the integrated correction factor to
due to many-body effects is 2. the differential rate due to many-body effects. This is the
It is interesting to compare the suppression factors calcumany-body correction factor to what might be callgd).
lated from our full equations with those that come from theFigures 7—10 depict the logarithms of these correction fac-
long-wavelength limits given in EqgB7) and (B9), using tors as a function of». These figures correspond to the Figs.
the same potential parameters. At a density of 3.8-6. We see the expected suppression factor in the seall-
X 10" gcm 3, a temperature of 5 MeV, and for neutrino regime that dominates the total suppression integral, but at
energies less than 10 MeV, the factors, calculated the twbigh |w|'s we see manifestations of the resonances. The
different ways, are within 10% of each other. However, for arapid decrease in Ifil(®)(q, ) with || defeats the increase
neutrino energy of 30 MeV, the full calculation gives a sup-in the correction factor at higho| in the total cross section
pression that is 30% greater than in the long-wavelengtlintegral. However, this resonance effect is partly responsible
limit. 1t will be recalled that our long-wavelength limit also for the high}w| flattening we see in Figs. 3—6. Note that this
requires that the energy transterbe small. Since the energy correction factor does not go to zero @=0, can go far
transfers are of the order @i-q, this limit can be achieved above 1 for highw|’s, and does not have the form?/(w?
with fixed nucleon mass only by going to lower density. +K).

TABLE Ill. As in Tables | and I, the total suppression factorS) ( average energy transfer&s()), and
rms energy transfersa(,g, but for various mass densitiep)( at a given incident neutrino energ¥{
=20 MeV) and for a temperature of 5 MeV. The subscript or superscript O corresponds to the case without
many-body effects, but with final-state nucleon blocking. This table is related to Fig. 5.

p (gecm ) S So () (MeV) {w)o (MeV) wims (MeV) s (MeV)
10%? 0.897 0.952 —0.295 0.216 2.556 2.157
10" 0.560 0.794 —0.455 0.256 3.211 2.359

3x 101 0.307 0.591 —0.766 —-0.337 4.269 2.725
10+ 0.117 0.162 —1.525 —0.562 6.532 3.598

3x 104 0.038 0.164 —2.156 —0.970 9.492 4.977
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VII. AN ILLUSTRATIVE MODEL OF PROTONEUTRON results to the default models. The two exploratory models we
STAR COOLING present assume that the total opacities are decreased by a

While the consequences of the inclusion of many-body/*€d amount, above a given density, N one case
effects on neutrino cross sections and energy redistributioﬁxml3 gem o and in the other 18 gcm ® For the
are by no means clear, one can straightforwardly ascertai™ 10** gcm® case the suppressions were 0.3, 0.1, and
the potential of such effects to alter aspects of supernova arfj05 (extreme and for the 1 gem® case the suppres-
protoneutron star development by performing simplified pro-sions were 0.3 and 0.1. These were guided by our results, but
toneutron star cooling calculations. We have chosen to invesgshould be considered arbitrary. Note that the more conserva-
tigate the evolution of the electron neutrino luminosity,(,  tive case for which the opacity is altered modestly and at the

under certain simplifying assumptions, with and withoutNigher density is the more likely. .
various ad hoc alterations to the neutrino opacities. The ~ The results are plotted in Fig. 11. From a comparison
code, developed by Burrows and Lattimgd], uses the between the fiducial model and the one without accretion,
Henyey technique with a simple nuclear equation of staté@ne notes that accretion dominates as a power source in the
(EOS, is general relativistic, and handles the transport ofearly seconds. If the supernova is reignited within the first
neutrinos of all species in the diffusion approximation. It hundreds of milliseconds, it is unlikely that the new opacities
conserves total energy to about 1% over 20 s of evolutionat high densities will play a central role in its revitalization.
The default cases are modeIqufe versus time after bounce However, if the delay to explosion is many hundreds of mil-

without accretion and with an assumed accretion rate ofiseconds to seconds, highky, 's occasioned by the many-

0.4M e Y7, wherer, is 0.5 s. The initial baryon mass is body and final-state nucleon blocking effects may well play a
1.3M 5. We alter the total opacities in an ad hoc fashion torole in the supernova, and in powering the explosion after it
mimic the decreases we can anticipate given our preliminaris relaunched. Even partially enhanced luminosities have
exploration of neutral-current suppressions and compare theeen shown to be important for neutrino-driven explosions

TABLE IV. As in the other tables, the total suppression factds @verage energy transfer&d)), and
rms energy transfersa(,g, but for a post-bounce profile from Burrows, Hayes, and Fryxell, at a given
incident neutrino energyH;=20 MeV). The subscript or superscript 0 corresponds to the case without
many-body effects, but with final-state nucleon blocking. This table is related to Fig. 6. The density and
temperature at the edited points in the model are indicated.

p (gem3) T (MeV) S So  (w) (MeV) (w)o (MeV)  wms(MeV) b (MeV)
3.945< 10t 5.053 0.028 0.136 —2.142 -1.136 10.082 5.426
3.084x 10M 5,518 0.043 0.180 —3.305 —1.261 10.135 5.137
2.049x< 10t 9.457  0.147 0.402 —7.322 —2.108 10.290 5.130
1.281x 10" 10.561  0.243 0.547 —5.797 —1.882 8.656 4.706
6.463x 101 13531  0.477 0.792 —4.629 —1.946 7.460 4.659
4.322x 10" 14554 0.608 0.880 —4.065 —1.959 6.994 4.666
2.669x 101 15611 0.750 0.953 —3.660 —-2.013 6.676 4.735
5.972x 102 11.287 0.876 0.968 —1.740 —1.159 4.554 3.609

1.082x 10'2 6.137 0.907 0.957 —0.509 —0.369 2.874 2.416
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FIG. 7. Logy of the correction factor due to bothy, , and an
effective mass of 0.78, that corresponds to Fig.@hee,=1 MeV
line has been omitted There is suppression at lojw|’s, but a
resonant enhancement at higgh|’s. Note that at very smallw|’s
the factor is a weak function of incident neutrino energy.

w (MeV)

FIG. 9. Logy of the correction factor due to both, , and an
effective mass of 0.%8, that corresponds to Fig. 5. There is sup-
pression at lowlw|'s, but a resonant enhancement at hjgh’s.
Note that at smallw|’s the factor is a strong function of density.

nals in Kamioka II[6] and IMB[7] range by no more than a

[2,5,40,4]1. As Fig. 11 demonstrates, the lower the density affactor of 2. Drastic decreases in the total opacities translate
which opacities are altered, the earlier the effect. The eninto only moderatgbut intriguing changes iri_Ve and the

factor of 2, though enhancements of 30-50 % are mor@attens the interior temperature gradients. The energy must

likely. Since energy is conserved, the luminosities at latektjl| diffuse through the unaltered density region below
times (5-60 s, not shownare decreased relative to those of 5 1013 or 1014 g cmi 3.

the fiducial model. Within this model set, the theoretical sig-

156 T

log,(Correction Factor)
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FIG. 8. Logy of the correction factor due to botly, , and an

effective mass of 0.78, that corresponds to Fig. 4. There is sup-

pression at loww|’s, but a resonant enhancement at hjgh’s.

Note that at smal|lw|’'s the magnitude of the correction is a de-

creasing function of temperature.

We point out that for progenitor stars in theMg, to
13M, mass range early accretion onto the protoneutron star
before explosion will be slight. Hence, alterations in the
high-density neutrino cross sections might show themselves
earlier in lower-mass progenitors, in time to be more unam-
biguously of importance in reigniting and powering the su-
pernova. Nevertheless, the reader should be cautioned that
these conclusions await a more thoughtful implementation of
these new neutrino opacities and that the calculations de-
picted in Fig. 11 are merely suggestive.

VIIl. CONCLUSIONS

In this paper, we have developed a consistent formalism
for calculating the Fermi and Gamow-Teller structure func-
tions in nuclear matter, including many-body correlations
and the full kinematics of neutrino-nucleon scattering. Previ-
ously all but ignored, the effects of density-density and spin-
spin correlations on neutrino scattering rates are found to be
significant. Above nuclear density, the total cross section
suppression factor due to final-state nucleon blocking, corre-
lations, and a reduction in the nucleon effective mass can be
more than an order of magnitude. The upshot is that super-
nova cores are more transparent than previously thought.
Since the many-body corrections to the charged-current rates
for the v.'s have yet to be published, in this paper we con-
clude only that the total opacities of nuclear matten
and ».'s (and their antiparticlesare qualitatively altered.
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The magnitude of the rate corrections due to many-body efeharged-current rates, as well as to develop a simple algo-
fects increases with density, decreases with temperature, am¢hm for incorporating these effects into supernova and pro-
is roughly independent of incident neutrino energy. toneutron star codes, with full energy redistribution. Since

In addition, we find that the neutrino-matter energy trans-many-body effects at the highest densities are quite large, a
fer rates due to neutrino-nucleon scattering are much largeronperturbative approach may need to be developed for the
than heretofore assumed. As a consequence, energy equitieep interiors. Furthermore, the structure function calcula-
bration for the non-electron-type neutrino species may weltions should be done in a manner fully consistent with the
be by what was previously considered an elastic procesgquation of state employed, since the physics of the two are
This obtains even for free nucleons at high densities, but ignextricably linked.
all the more true with many-body effects included. An iden- If we find that there is indeed an across-the-board reduc-
tifiable part of the energy transfer enhancement comes frortion in the neutrino-matter rates at high densities, it will be
the excitation of collective modes in the matter, modes akiryet another reminder that the keys to the supernova puzzle
to the Gamow-Teller and giant dipole resonances in nucleiand its systematics lie not in any one realm of expertise
Energy is transferred by thee@enkov mechanism to or from (radiative transfer, hydrodynamics, the equation of state, the
these modes when the energy transfers() and momentum weak interaction, etg,. but in all, and that the 20% effects we
transfer @) satisfy the dispersion relation of the medium’s seek to identify in well-studied areas might at times divert us
excitations(zero sound and spin sound, both of which re-from discovering those far larger effects outside the focus of
quire repulsive interactions mainstream investigations.

Under the assumption that both the charged-current and
the neutral-current cross sections are decreased, we calcu-
lated a set ofad hoc protoneutron star cooling models to ACKNOWLEDGMENTS
gauge the importance of the new opacities to the supernova . ) )
itself. While the early luminosities are not altered, the lumi- e would like to acknowledge stimulating and produc-
nosities after many hundreds of milliseconds to seconds cali® conversations with S. Reddy, M. Prakash, G. Raffelt, D.
be altered by factors that range from 10 to 100 %. Such>eckel, and J. Lattimer, as well as support from the NSF
factors may have a bearing on the efficacy of the neutrinoUnder Grant No. AST-96-17494. We would also like to ac-
driven supernova mechanism, the delay to explosion, the efnowledge the germinating influence of the Santa Barbara
ergy of the explosion, and the strength and relative role ofnstitute for Theoretical Physics, supported by the NSF under
convective overturn. The magnitude of the relative enhance®rant No. PHY94-07194.
ment of the driving luminosity is a function of the post-
bounce mass accretion rates and may be larger for the lea: L
massive, massive stars. Hence, these new opacites may t ™[} fiducial model i
more germane to the terminal behavior of the massive star:
most favored by the IMF.

It remains to derive the effects of correlations on the

,,,,,,, _ without accretion
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FIG. 11. Log, of the electron neutrino Iuminositnge) in
10°! ergs s! versus time after bounce in ms, with and without
accretion. For the accretion models, total opacity suppression fac-
‘ P R R B B tors of 0.3, 0.1, and 0.05 were assumed aboxe 6 g cm 2 and
40 30 Gl 0 10 of 0.3 and 0.1 were assumed above**1Q cm 3. The fiducial
model is dashed, the model without accretion is dot-dashed, the
FIG. 10. Log, of the correction factor due to both), , and an  models with correction above 10" gcm 3 are dotted, and
effective mass of 0.78, that corresponds to Fig. 6. There is sup- those with correction above 10 g cm™ 2 are solid. On this plot, the
pression at loww|’s, but a resonant enhancement at hjgh’s. models with the largest corrections have the highest luminosities
Note that at smallw|'s the magnitude of the correction is a strong after 2500 ms. The comparisons between the dashed curve and all
function of position in the star and is largest at the center. others are the most germane.
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APPENDIX A The y integral is now easily performed to give the result

To get expressions for the real and imaginary parts 01(28)'
I that are efficient for computation, we begin with FW

Eq. (33.4), with notations changed to those of this paper APPENDIX B

We show directly that in the largey, smallq limits the
P forqg—Tp (A1) complete density-density correlation function, in the absence
(2m)3 otinte—€piq of spin and isospin dependence, as calculated in the ring sum
in Sec. IV reduces to the long-wavelength limit that was
We can write each of the Fermi-Dirac distributions thatdetermined from the single-particle energies in Sec. Il In the

d3

H(O)(q,w)z—Zf

appear here as a sum of Boltzmann distributions largem limit, the function ImI1°(q,w) becomes more and
© more concentrated arounrg= 0, so that to calculate the rate
f(p)= 2 (—1)itleiBle—ep) (A2) we setw equal to zero, except in the factor
i=1
_ -1 * —Bw\—1
We use this expansion, together with FW E83.8 for ly=m J_wdw Im II(q,0)(1-e"#*)"1. (B

the imaginary part of1(9) in the Boltzmann limit, to obtain
In the limit, we make the replacement {2 #*) - Bw

m = _ A . ! .
(0) _ _ayitli-1 and use the Kramers-Kronig dispersion relation in the vari-
m H(@,w) 2773%21 (=1 ablew to write 1,— 8~ 'ReIl(q,»=0). Finally, we use Eq.
, . ) (28) in the limit Q—0 to show that RdI(®(0,0)=
X[elPr=QD —elBr=Q=Be)]  (A3)  _ gh(u), whereh(u) is the function defined in Eq13).
The ring approximation for the one-channel cé2® with a
where potentialU now reads
mﬂ 1/2 w q
Q—( L ) s 2m> ™ = h()/[L+ Uh()], ®2)

. . . _in agreement with Eq(14).
and the terms with>1 in the series come from the replace The calculation of the long-wavelength limit of the static

g?r:;%?)] ﬁ“;'; :22 Fezllzzltn;%gv;eisn UE@B?GF?JL;ThLSriZT"ﬁﬁeF correlation function coming from the ring graphs can be ex-
9 ' Part,  tended to the full spin- and isospin-dependent case, with re-

\[’\SNUSEE t?sesz);a]me trick, beginning with the Boltzmann formsults expressed, as in E@1) above, in terms of the func-
q.(33. tionsh(u,) andh(u,). To do this we introduce the average

m?2 densitiesn; for the four speciesn;=(Vol) ~1fd3x n,(x),
Re H<°)(q,w)Bo|tZ=Te’B“CI>(Q) +(w——w), where the index runs over the valueg', p', n', n!, and we
2mBq form the combinations
(A5)
where Npn=Npn+ Npn,
! A ol 4l
®(Q)=2Q f dy 0D, (A6) M5n= N0~ Npn- (83)
0
_ We also introduce separate chemical potentials for the up-
We obtain and down-spin states for the two species and introduce the
notations
m? 1 .
ReT1%(q,0) = —g-—Q [ ay3, (~1)/%j .
27%28q ~Jo Ti=1 =Z(ul +ul)
Mp,n 2 Mpn™ Mpn)s
Xej[B“+Q2(y27l)]+(w—>—w). (A7)
1
Next, we represent th¢ 2 factor under the sum by ,u’;'n=§(u,gyn—,u’l)yn). (B4)
7 12[* ds e %% so that we can sum the geometric series.
Displacing thes integration variables— s+ QY, we obtain Then, as shown in Eq10) and Ref[34], we can express

the g—0 limits of the static structure functions as follows:

m? » 1
ReTl%(q,0)=— QJ dsJ dy _ _
Thq = S, 0= 10 g g)=p1Im
pp Iy’ n

e ($?+25Qy+ Q%+ ) IHen

X
1+ (S°+25Qy+Q%+Bu) —

an
(0)=S,,(0)=8"1—,
Ho——w). (A8) Son(0)=S,,(0)=p8 Py
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ot P In Eq.(22), integrated ovew, we obtain a simple form, if
—_np-1 p —n-1 n . — —
SHp(0)=8""—, SH(0)=p8 = we choose potentials; such thatdv;/dn;=dv;/dn; and
IHtp It such thatv p,—vy +v,—vn =0, two conditions that are
P fulfilled by the potentials we use. We then obtain
Spn(0)=Sh(0) =5 1(7—2\. (BS)
_As in the one-channel case treated in Sec. II, we take the SA(Q)=Sﬁp(Q)+Sﬁn(Q)—ZSﬁn(Q)
distribution function for a nucleon speciédo be given by
the Fermi-Dirac distribution in which the chemical potential
wmi has been replaced by;—v;, wherev; is the average _ h(pp) +N(an) (B9)
energy of interaction of the nucleon with all other particles. 1+va[h(up)+h(un)]’
Thus, the density is given by
3
Ezzf d’p [1+ flP?/(2m) —uituil] =1, (B6) Wherevaz%[&/aﬁﬁ—a/&?ﬁ].[vm—vm—vnpwm].
(2m)3 We present these static, long-wavelength res[Hgs.

(B7) and (B9)], which depend on effective single-particle
In general, the potential; for species is a function of  potentials, because they show a strong similarity in form to
the densities for all four of the species. If we know the  the ring calculations, on which our results were based, and
functional dependence of thes on theﬁj’s, we can solve because they give numerical results that are not greatly dif-
for the long-wavelength limit of the Fermi static structure ferent. Furthermore, any program that begins with potentials
functions S by differentiating the four equation®6), with  that fit nuclear data and calculates the ground-state properties
respect to the four chemical potentials that we have introof nuclear mattefsee Refs[42,43) is capable, if subjected
duced. We give the solution for the two combinations ofto the right sets of constraints, of directly determining the
structure functions that enter our rate calculations. In Eglow-temperature values of the static structure functions enu-
(21), with sir? 6,=1/4, we have only the neutron contribu- merated in Eq(B5), without recourse to the assumptions that

tion led to Eqs(B7) and(B9). Implementation requires use of the
an, multichannel analogs of the connection between the one-
Snn:ﬁfla =h(un)/dy, (B7)  species structure function and the bulk modul@is The re-
Fon quired numerical experiment involves constraining the sys-
where tem to have different expectation values of proton spin and
; RE neutron spin densitie§in the z direction, calculating the
_ ., %n | 9Vn constrained ground-state energy as a function of these den-
dy=1+ an, (k) _p h(kn)h(sep) sities (as well as the particle densitiesnd taking combina-
. tions of second derivatives of this energy with respect to the
v densities, evaluated finally for the values of the densities in
X| 1+ &Th(ﬂp) (B8) the true ground state. We strongly recommend that groups
P that do nuclear matter calculations carry out these steps.
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