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We calculate neutrino reaction rates with nucleons via the neutral and charged currents in the supernova core
in the relativistic random phase approximati@dPA) and study their effects on the opacity of the supernova
core. The formulation is based on the Lagrangian employed in the calculation of the nuclear equation of state
(EOS in the relativistic mean field theofRMF). The nonlinear meson terms are treated appropriately so that
the consistency of the density correlation derived in RPA with the thermodynamic derivative obtained from the
EOS by the RMF is satisfied in the static and long wavelength limit. We employ pion and rho meson exchange
interactions together with the phenomenological Landau-Migdal parameters for the isospin-dependent nuclear
interactions. We find that both the charged and neutral current reaction rates are suppressed from Bruenn’'s
standard approximate formula considerably in the high density regigre 10 g/cn? with p,, the baryonic
density. In the low density regimeg, <10 g/cn?), on the other hand, the vector current contribution to the
neutrino-nucleon scattering rate is enhanced in the vicinity of the boundary of the liquid-gas phase transition,
while the other contributions are moderately suppressed there also. In the high temperature flegime (
=40 MeV with T the temperatuneor in the regime where electrons have a large chemical potential, the latter
of which is important only for the electron capture process and its inverse process, the recoil of nucleons
cannot be neglected and further reduces the reaction rates with respect to the standard approximate formula
which discards any energy transfer in the processes. These issues could have a great impact on the neutrino
heating mechanism of collapse-driven supernovae.

PACS numbds): 26.50+x, 24.10.Jv, 21.60.Jz

I. INTRODUCTION neutrino and a nucleon, the target nucleon scatters off an-
other nucleon. Hence both the spatial and temporal correla-
Calculation of neutrino-nucleon reaction rates in a hottions of nucleons are important.
(T<50 MeV) and dense (1®g/cnt=<p,=10" g/cn?) It is, however, very difficult to calculate the correlations
core of a collapse-driven supernova is a complicated probof nucleons accurately, since they are induced by the strong
lem (see, e.g[1—3] for the standard ratgsWhen the density nuclear interactions and cannot be treated with a simple per-
reachesp,~ 101 g/cn®, the average separation of nucleonsturbative approach. This issue has been studied by several
d~6X10 1 cm (p,/10 glcn?) Y2 becomes of the same authors. Sawyefd], for example, calculated the density and
order as the typical neutrino compton wavelength~ spin-density fluctqat_lons of nuclear matter in the static and
6x10 2 cm (E,/30 MeV) L. This means that neutrinos long wavelength limit from an equation of state, while lwa-

are interacting simultaneously with multiple nucleons forthismoto Pethick]5] investigated them from the Fermi I|qU|q
. ) o . . “theory. These results have not been incorporated extensively
density or higher. If nucleons are distributed uniformly in

space and time, which is unlikely, the outgoing waves fromin simulations of supernovae or protoneutron s(aee_, how-

P ' Y, going ever, [6]) and the simpler formulas for the reaction rates
. ) fhentioned above have been used in even the most sophisti-
tions remain the product of the number of targets and th%ated computationg’—10].

cross section of a single scattering. However, in reality, the \yjth the increasing recognition that neutrino transport is
distributions of nucleons are fluctuating due to mutual interyne of the key factors in producing a successful supernova
actions and the reaction rates will be modified from thos%xplosion[ll,lﬂ, this issue has recently attracted the atten-
obtained with this simple formula. Furthermore, the typicaltion of supernova researchers. In the neutrino heating sce-
energy E,~30 MeV (T/10 MeV) of a neutrino, which is nario of a supernova explosi¢h3,14, which is supposed to
approximately an inverse of the duration time of interactionbe the most promising at present, the shock wave, which
between a neutrino and a nucleon, is of the same order as tlséagnates in the iron core after the core bounce, is expected
nucleon-nucleon scattering raé~({ov)n,~30 MeV for  to be reinvigorated by neutrinos diffusing out of the proto-
the density p,~3x 10 g/cn? and temperatureT~10  neutron star. It has been shown that it is important in this
MeV, whereo, v andn, are the scattering cross section, themechanism to increase the neutrino heating rate via the
nucleon velocity and the nucleon number density, respecdominant processes of electron neutrino absorption on neu-
tively. This implies that during the interaction between atrons and electron antineutrino absorption on protons behind
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the shock wave. This heating rate is approximately given byRPA is consistent with the EOS obtained by mean field
, rates due to the RPA correlations, using Bruenn'’s standard
Q,~110x fz(M) : (1.9 approximation formulas as a reference. We summarize the
7
HereY,=n,/n, andY,=n,/n, are the number fractions of simulations in the last section.
free neutrons and protons, respectively; the normalization
per baryon is calculated in E@l.1); L, 5, denotes the neu- . . .
trino luminosity in units of 187 erg/s,E, ;5 the neutrino en- . First we EXpress th? reaction rates in a general form.
' Since we are interested in low energy reacticdBsM,, , the
the mean value of the cosine of the angle of neutrino propa- 4 by the interaction Lagranaian density:
gation relative to the radial direction. It is clear from this ated by eraction Lagrang ensity.
luminosity increase the neutrino heating rate. One obvious L1(xX) = w
: . . . X)=—=I,(x)J , 2.1
way to achieve these increases is to decrease the neutrino 10 V2 wO)IN) @
opacity for neutrinos is the neutrino-nucleon reactions, thavhereGg is the Fermi coupling constarit,(x) is the lepton
modification of these rates could have a great impact on th@eak current given by
~ As stated above_, the neutrino-nucleon reaction rates used I#(x)=%(x) YM(L=ys) (X), (2.2)
in the supernova simulations thus far were mostly evaluated
nucleon number densitysee, e.g.[2,21] and references
therein, thus ignoring the correlations due to ambient nucle- -
), thus igharing HOO= 00V~ hays (0. (23
lated the density as well as the spin-density correlations of . .
nucleons due toynuclear forces baged on tthPA. As ShO\?V'?’]V andh, are the vector and axial vector coupling constants,
tions in space and time using the mean field approximation_ .9V~ T andha=g,=1.23. For the neutral current they are
insisted that the effect from collisions of two nucleons on the 1/29a for neutron and proton, respectivelyly is the
einberg angle.
is not taken into account in the RP&ee alsd27]). . ) X .
One of the author¢H.T.) recently published a nuclear action rates are obtained by taking a square of each matrix
aqlement evaluated up to the lowest order of the Fermi cou-
tion for finite nuclei covering a wide range of density, tem- pl!ng constant, taking _the thermal e_nsemble average for the
perature and electron fraction of relevance to supernovilitial state and summing over the final states:
correlations in the relativistic RPA based on the Lagrangian in out_ OF in ~outy qef3
; . ; i R(q", =—K, , Sy (k). 2.4
used in the calculation of the EOS in the RN0,31]. It is CRL 2 ZCRE ISk 2.4
namical consistency of the neutral vector current part of req™ andq® are the four momenta of the incident and outgo-
action rates with the EOS in the static and long wavelengtling leptons, respectivelk=g"—q°“is the four momentum
The neutral axial vector current and the charged current cortensorK ,; comes from the kinematics of leptons and given
tributions to the reaction rates are calculated on the samky

theory. Then we represent some modifications of the reaction
LV,52<E12/ 15> Yn
Yo . . : o

paper with some discussion of the implications for supernova
with the baryonic number density, indicates that the rate Il. NEUTRINO-NUCLEON REACTION RATES
ergy normalized by 15 MeM, the radius in 10 cm; () s mass of weak bosonthe weak interaction is well approxi-
equation that higher neutrino energy and/or greater neutrino G

F

opacities in the supernova core. Since the dominant source of
supernova mechanispd5-20.
by multiplying the rate for a single target nucleon with the andJ{(x) is the nucleon counterpart,
ons. Recently, however, some authpt8-20,22,23 calcu-
later, this method evaluates the nonuniform nucleon distribureSpeCtlvely’ and are taken for the charged currenhyas

sn_ n_ _ P_1/2—2 gj p
On the other hand, Raffelt and his coworkgts,16,24—26 nhV 12, hp 129, and h{=1/2-2sirf4y, h}
nucleon spin-density fluctuations cannot be neglected, which/ 4

P y g Following the standard procedufsee, e.g.[37]), the re-

EOS based on the RMF and the Thomas-Fermi approxim
simulations[28,29. In this paper, we calculate the nuclear 2
shown in the next section that this guarantees the thermody-
limit if the nonlinear meson terms are appropriately treatedtransferred from lepton to nucleon. In the above equation, the
basis but with an additional introduction of the phenomeno-

logical Landau-Migdal parameters for the isovector channel Kag(a", 0" =8(a% a8 +q%"al — g° q™g .
[32-35, since they do not contribute to the RMF and are s outiin
neglected in the theory. The possible collisional effects tieq"7d5 0,). (2.9

which are supposed to be important particularly in the low ] ] ] )
density regime and might have some roles in forming theHeré 9.z is the metric tensor with the signature of
neutrino spectra will be discussed elsewh@8], since we [+~ ——1, and e**°” is the antisymmetric tensor with
consider that the consistency of the reaction rates with the”>>=1. All information of nucleons is contained in the
EOS is more important. so-called dynamical structure functi®@t” defined as

This paper is organized as follows. In the next section we
formulate the neutrino reaction rates with nucleons using the o i o
so-called dynamical structure functions and show tha%| the SNB(k):f d*xe(INAIN0)), (2.6
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where(- - -) stands for the thermal ensemble average of thevhere[ A,B] denotes the commutator &fandB and® (t) is

argument. the Heaviside function. In fact, the dynamical structure func-
The structure function can be generally decomposed ason is related to the imaginary parts of those Green functions
follows due to the isotropy of the system: via a simple formula:

SEP(K) =Ry (k) uuf+ Ry(k) (u“uP — g*#) + Ry (k) k*kA

a3 — ap
+Ry(K)(K*UP+ ukP) +iRg(K)e *#usu SN0 == T aiemam MK
(2.7)
=—;ImHR“’3 (2.13
whereu® is a four velocity of the system. Putting Eq2.5) 1—e Blko—Au) N '
and(2.7) into Eq. (2.4), we get
R(EM E® cosg) = 4GZEMEU] R, (k) (1 + cosh) HereA,LL:,uout— Min IS th_e differe_nc_e of the chemical poten-
tials between the outgoing and incident nucleons. Thus what
+ R5(k)(3—cosb) we have to do is to somehow calculate E@s11) or (2.12).

—2(EM™+E°"YRg(k)(1—cosh)],

A. Thermodynamic consistency
(2.8

In this section, we discuss the thermodynamic consistency
whereE™ and E®" are the energies of the incident and out- Of the approximation for the reaction rates with that for the

going leptons, and is the angle between the incident and EOS. By consistency we mean that the reaction rates are
outgoing three momenta. There are three terms with differerf?othing but correlation functions, as stated above. For ex-
angu'ar dependences_ In genera' the th”'d Contribution |§mple, the density Correlation fUnCtion reduces in the S'[a'[iC
much smaller than the other two terms and ignored in thé@nd long wavelength td(N—(N))(N—(N)))/V?=((N?)
following discussions. Their meanings become clearer if we— (N)?)/V?. HereN andV are the baryonic number and the

take the nonrelativistic limit for the nucleon kinematics. In volume of the system, respectively. This thermal ensemble
this limit R,(k) andR,(k) are reduced to average is related to the thermodynamic derivative of the

number density with respect to the chemical potential as
_ (ON/ap)1=B((N—=(N))(N—(N)) with g=1/T, which is
Rl(k)%h\z/f d*xe*(pn(x)pn(0)), (2.9  obtained from the EO39]. This sort of relation should be
satisfied also in approximate formulations, since it guaran-
h2 tees the correct behavior of reaction rates in this limit. In the
R,(K)~ _AJ d4xeikx<$‘\l(x)$‘v(0)>_ (2.10 fo'llowmg we shoyv that the RPA is consistent in this sense
3 with the mean field theory18]. The argument is mainly
indebted to the papeligt0,41. For simplicity we consider
Thus, R;(k) comes mainly from the vector current part of the nonrelativistic density correlation in the imaginary time
the nucleon weak current and is nothing but a density correformalism. The extension to the relativistic c44€] and/or
lation function of nucleonsR,(k) originates from the axial to the real time formalism is possibjd3].
vector current of nucleon and represents a spin-density cor- The EOS can be calculated once the number density is
relation function.py(x) is the nucleon density ansl(x) is  obtained for a given temperature and chemical potential. The
the spin density and the spin componeingse summed up. number density in turn is obtained from the single particle
The calculation of the reaction rates is thus reduced to th&reen function asn,(x;)=—iG(1,1). Here the Green
evaluation of these correlation functions. It is, however,function is defined as usuaG(1,2)=<T¢(x1)¢T(x2)>, and
easier in the field theory to treat the time ordered productL® in the argument denotes the lintig—t,+0. Hence the
instead of the ordinary one since we can apply the perturbaapproximation for the EOS can be regarded as the approxi-
tion theory more easily to the formésee, e.g.[38]). Hence  mation of the Green function, or that of the self-enelyy
we define the time ordered product of the weak currensince the Green function is determined by the Dyson equa-
H,‘\“f(k) corresponding to the dynamical structure function asion G~ 1= Ggl—E, whereGy is the free propagator.
The response of the system to an external disturbance is

) studied by adding an extra interaction, such as
iHﬁﬁ(k)=f d*xeTIZ(0)IE0)),  (2.1D y 9

7|B
£=J dx,dt,dx,dty (%, t
where the symbol stands for the chronological ordering of " Jo 1t Xtz d (. t2)

operators. It is also convenient to consider the corresponding
retarded Green function defined as XU (Xz,t2,X1,t1) p(X1,t1),

where only the time integration region is shown explicitly.

s1TRaB — 4., aikx a B
HIN™ (k) Jd xePO(([IN), INO)]), (2.12 Then the response function is given by
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5G(1,1';U) the density correlation functiob((,k). If the approximate
W =—[Gy(1,1',2,2")-G(1,1')G(2,2")] response function satisfies the conservation law(ky,0)
(2.2) |, =2m8(ko)L~(0,0) in the long wavelength limit]k|—0.
—iL(1,1,2,2), (2.14 This then results in the equation

lim L(0k)=—BL~(0,00=—BV{(np—{(np))(Ny—(np))).
whereG,(1,1',2,2") is the two particle Green function, and ko (04 AL~(0.0) VAo = (o)) (M= (o))

G(1,2;V) is the single particle Green function under the (2.20
external disturbance and is written in the interaction repre-

sentation as On the other hand, the thermodynamical derivative,

(anylow)t=—19G(1,1%)/dpu, is evaluated from the Dyson

| (TSH(x0) #'(x2) equation as
Gl2V="——Fg— @15  eu1) 672D
T_—f dxdx G(1,2) — ——6(2.1)

with S=exp(—iLeyy). Equation(2.14) is derived directly by
taking a derivative of Eq(2.15. The retarded Green func-
tion defined by Eqg.2.12 is obtained from the response
function L(1,1%,2,2") through analytic continuatiofi39].

= f dXZdXZVG(l,ZI)

The equation for the response functib(l,1’,2,2") is ob- x| 82" —2)— M G(2,1)
tained by taking a functional derivative of the Dyson equa- I
tion as

—— f dx,,G(1,2)G(2',1")
L(1,1,2,2')=Ly(1,1',2,2')

_J dX3dX3/dX4dX4/L0(1,1,,3,3’) +f dXZdXZ’dX3dX3’G(112,)i
XE (3,34 ,4)L(44,22), (2.16 XE(Z’,Z,S’,3)G(2,1’)@. (2.20
y72
with Solving this equation using Eq&.16) and(2.20), we get
|Lo(1,1l,2,2,):G(1,2,)G(2,1,), (21D ON (?G(l,1+)
(a_) =—iV&—=V lim L(0k)
;—1(1/ 1 2/ 2) 52(1,11) (2 18) K T M |k‘4’0
1= 3Ly ] = . .
0G(2,2") =BUN—=(N})(N=(N))). (2.22

This is the equation which represents the thermodynami-
| A , : . cal consistency between the response function and the EOS.
poter.1t.|al asE(,l 1)= 5(1)/,5G(1,1 )', or the |ntfagrablllty Thus far the only assumption is that we have used the same
_co_nd|t|on o%(1 ’l)/5G(.2'2 ).: 5.2(2 '2)/5(3(_1’1 ) is S‘?‘t' approximate self-energy for the EOS and the response func-
isfied, then the approximation is conservative, that is, thgj;n Hence the above argument can be applied to any con-
approximate number density as well as the response functiogpyed current and conserving approximation. In the next
so obtained satisfies the conservation equation just like thgection, we consider a specific approximation of the self-

exact one. This result in turn dictates the behavior of thesnergy which leads to the mean field theory and the RPA.
response function in the static and long wavelength limit as

It was showr[41] that if the self-energy. is derived from a

follows. The response function is in general given by B. RPA
. - - We base our discussion on the Lagrangian of the relativ-
L(Q,k) = ij dk, L™ (Ko, k) ~L " (ko.K) istic mean field RMF) theory:
' 27 )~ Q_ko —

1 (1—e PRo)L> (ko,k) Lrur= In(17,0" =M= 8,000 7,0 = 8,7, 7P ™) iy

o _e 0
== — . (219 1 1,, 1 .1
2m) - Q—ko + 5(9'“0'(7“0'— ZM0° = 30207~ Zg3a'4

Here L(Q,k) is a Fourier transform of (1,1%,2,2%) with 1 1 1
respect tox; —x, and Q) is an imaginary energy.” (kq,k) — SF FP om0t + S Calw,0)?
andL=(kgq,k) are analytic functions with respect kg and 4 2 4

are Fourier transformed from L~ (Xq,X5) ={(ny(X4) 1 1,

—(Mp(X)N(Np(X2) = (Np(X2) 1)) and L= (X4, X2) ={(Np(X,) — 2 GG S mplp™, (2.23
—(np())(Mp(x1) —(Mp(x1)))),  respectively.  Thus

L~ (x41,X,) is nothing but the density correlation function we where the standard notations are usggdenotes a baryonic
are looking for. In fact, we use this equatih19 to derive  field of massMy. o, w,, and pi are o, , and p meson
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fields with m,=511 MeV, m,=783 MeV, and m, eral the axial vector part of the nucleon weak current is not a
=770 MeV, respectivelyF ,, andG3, are the antisymmet- conser_ved current. However, we extend the above method to
ric field tensors fore and p mesons. The constants, the axial vector contribution, since we can thus argue both
=10.0,9,,=12.6, andy,= 4.6 are the coupling constants for vector and axial vector contributions on the same basis.
the interactions between mesons and nucleogs= Moreover, the interpretation that we describe the correlations
~7.2 fm1, g;=0.62, andc;=71.3 are the self-coupling a5 hz_irmo_nlc o_scnlatlons aroun_d a static and uniform mean
constants fore and @ mesons. The quoted numbers arefield is still valid. Thus the basic equations of the RPA are

taken from the TM1 parameter set published by Sugahar@Ummarized as
and Toki[31] (see alsd30]).

The _app_roximate self-energy_emplgyed in the mean field THIAL(1-2)T]=TrT3Lo(1—2)IP]
theory is given as follows. For simplicity, only the contribu-

tion from o meson, that is the scalar part, is shown. The a .
extension to other meson contributions is done in an analo- - dx3dx4Ec TILo(1-3)I"]
gous way: r

XV 3= 4)THTCL(4—2)T"].

34(1",1)=9g,6(1-1")o(1), (2.29
(2.28
whereo meson is assumed to be a classical field and obeys

the equation of motion: o
Here L(1—2) and Ly(1—2) are the abbreviations of

(0,0"+mM2)o+0,0°+gz0°=— Ay o+ g0+ gz0° L(1,17,2,2") andLy(1,1%,2,2%), respectivelyI’s denote
_ gamma matricedl, y*, y*ys, and the matrix structure of the
== InN)- (2.25  response functions is explicitly indicated by the trace opera-

oy ) ] tions.V is the nuclear potential mediated by mesons and is
HereA, ~ is the inverse of the free propagator. Solving Eqs.gjven by the modified propagators as

(2.24) and(2.25 with the Dyson equation for nucleons con-

sistently for stationary and uniform matter, we obtain the

RMF for the nuclear EOS. V;S)Ot(l_z): —g2A(1-2), (2.29
On the other hand, using the same self-energy and Eq.

(2.25, we can evaluat& defined by Eq(2.18 as
for o meson, for example. The response funcligd —2) is

E(1,1,2,2)=928(1'=1)8(2' =2)[ — Ay (1~ 2) analytically continued to the retarded Green function, which
_ — in turn gives the structure functions by BE@.13. It is also
+29,0+3930°] "0(1-2), (226  possible to work in the real time formalism from the begin-

— ] ] ) ) ning, which we did in this paper. Regardless, they are
whereo is the expectation value af in static uniform mat-  equivalent to each othdt8]. The explicit expressions of
ter. It is obvious that this approximation is conserving in theTr[FaL0(1—3)F°] are given in the Appendix.
above sense. Putting this into Hg.16), we get the equation It is clear from the above derivation that the RPA is an
for L(1,17,2,2") as approximation obtained from the self-energy evaluated up to

the first order of the coupling constant and that processes
|_(1,1+,2,2+):|_0(1,1+,2,2+)_f dxgdxsLlo(1,1%,3,3") such as collisions of nucleons are ignored. This can be un-
derstood from the fact that RPA is also obtained from the
) collisionless Boltzmann equatid9]. The collisional effect
x~¢ L(4,4%,2,2"). (2.27  might be important particularly in the low density regime
A~ Y(3-4) [24,25,27 and could in principle be included in the present

5 . . formulation by taking higher order corrections of the self-
Here A*1=A51—2920—39302. This is the well known energy[49]. It is, however, very difficult to do this in prac-
RPA except for the modification of the meson propagatottice. In this paper we emphasize the consistency between the
due to its self-coupling. Thus we have established the thempproximations used for the reaction rates and the EOS we
modynamic consistency between the RMF and the RPA. have currently at hand. The study of possible effects of scat-

It should be noted that the modified meson propagator iserings which was discussed in the Introduction will be pub-
also obtained by expanding the Lagrangian around the stdished elsewherg36].
tionary point up to the quadratic order of perturbatjdd— In the RMF we ignore the negative energy contribution to
47]. Since the stationary solution is nothing but the mearthe nucleon spinor. In so doing, the positive energy part is
field, the correlation is described by the harmonic oscillationdefined in a density-dependent way. This extra density de-
around the mean field in the above approximation. In thigpendence should have made E@8.27) and (2.28 more
sense, it is natural that we find that the RPA is consistentomplicated, which we ignored in this paper. It should be
with the RMF in the static and long wavelength limit. noted that this inconsistency is quite minor except for small

The above argument is in a rigorous sense applicable onlgarameter regions very close to the phase boundary with
to a conserved quantity such as the baryonic number. In gemwvhich we are not concerned here.
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C. Residual interactions 2T T T T T T T T T T T T ]
The Lagrangian shown above does not include the contri- &~ veotor — P = 3;‘/12::13_
butions of the pion and the tensor coupling of {heéneson v // \ T = 20 MeV
since they do not contribute to the mean fi¢&D,31. To f 1= / /,_\\ n
describe fluctuations in spin and isospin around the mean < | (7 \\\ |
field these residual interactions should be added to the above — /- N\
Lagrangian a$50] & o = ~ —
Lies= Lo+ L,
C T sl axial vector //\ Y, = 0.3 |
— 1. 9= 9% > 3 A - i,
- _ m a_ v ap|.a k] = 125
wN IZMNY 75(9#77 ZMNG‘U,V& P T l;bN! g . -_
(2.30 5 ¢
ol 1+
with g2/47=14.08, g2/4w=0.41 andC,=6.1. Accord- o |
ingly o*” is added td’s in Eq. (2.28). 0 K

It is also known that there are short ranged repulsive cor-
relations for these isovector channels. They are conveniently
included by the phenomenological Landau-Migdal param-
eters[32]. In this paper they are implemented, following  FIG. 1. The vector and axial vector structure functions
Horowitz and Piekarewic£34], by modifying the meson g (i, |K|) andR,(ks,|K|) for the neutral current as functions of the
propagators as transfer energk,. The densityp,, temperaturdl, proton fraction

Y,, and the absolute value of the transferred three momefkhim
(2.31) are shown in the figure. The long dashed curve represents the non-
! ’ interacting case, while the short dashed curve shows the case for the
effective mass of the nucleon being taken into account. The solid
curve shows the results of the RPA.

-120-90 —-80 -30 0 30 60 90 120
k, [MeV]

1 [ 1 g

2 2 2 2
qe—mz  [Q,—mM; q,

1 [ 1 g
22 |2 27 2 (2.32
Qu=mM, L4u—M, dyu

rately, since the behavior d®;(k) in Eqg. (2.8), which is
referred to as the vector current correlation in the following,
with the Landau-Migdal parameterg,=0.70 and g; is qualitatively different between the two regimes.
=0.30. Unlike the conventional nonrelativistic treatment, we The vector current correlation is mainly induced by the
take different parameter values fpr mesons and pions, scalar isoscalar mesan and the vector isoscalar mesan
which better reproduces the electron scattering data as welhile the axial vector current, which is more important for
as the spin-transfer observables inp,rif) reactions the neutrino opacity, is dominantly affected by the vector
[34,35,51-53 isovector mesom.

For the electromagnetic interaction, we make the Thomas- As shown shortly, the structure functions of nucleons are
Fermi approximation, where the photon propagator is rein general narrowly peaked as a function of the transferred

placed by the screened one as energy in the sense that their width is much smaller than the
transferred three momentum. This feature reflects the fact
9uv 9uv that the nucleon mass is typically much greater than the neu-

(233 trino energy and the scattering is almost isoenergetic. If we
assume that the scatterings are exactly isoenergetic, that is,
the structure functions are proportional to the delta function
%I the transferred energy, then we obtain Bruenn’s well

hown formula[ 2] which we use as a reference in this paper.

In some cases this approximation overestimates the cross

section significantly54]. This issue will be addressed again

in the following sections.

—05 o5—ql

with q2-=4e?73(3n,)?"?, wheree andn, are the electron
charge and number density, respectively. Then it was add
to the Vs in Eq. (2.28.

Finally, it is noted that since the neutrino couples only to
the spin-transverse correlations in RPA, the pi@pin-
longitudinal correlationsdoes not contribute to the neutrino
reaction rates considered here. 1. High density regime

First we consider the high density regimey,=
2x 10" g/en?. Figure 1 shows the structure functions

A. Neutral current reactions Ry(Ko.|K|) andR,(ko,|K|) as a function of the transferred

In this section, we discuss correlation effects on the neuenergyk, for the density, temperature and proton fraction

tral current reactions, that is, neutrino-nucleon scatteringsgiven in the figure. The transferred three momentinis

The high density regimep,=2x 10" g/cn?, and the low taken to be a typical neutrino energy3T. The long dashed
density regime,p,<2x 10 g/cn?, are discussed sepa- curves correspond to the structure functions of the noninter-

Ill. RESULTS
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acting nucleons. The width of the structure functions gives a BTt 71 L B B ISR
measure of the average energy exchange between the neu- Py = :;>}:?n3_
trino and nucleon. As stated above, we obtain Bruenn’s for- vector — 10 MeV

mula[2] if we neglect the width of these functions entirely
and approximate the structure functions by the delta func-
tions ofk, as

R, [104 MeV?]

Ri(Ko,[K)~278(ko)[N? 7, +h0%7,], (3.0

3 |- axial vector LT Il—(’l

Ry(Ko,|K)~2m8(ko)[hA2 70+ hR2 7,1, (3.2

with gy=J[2d%p/(27)°1f\(P)[1—fn(P)] for N=n,p.
Here fy(p) is Fermi-Dirac distribution function for the 0
nucleon. Note that the long wavelength linfi{— 0 is also R L Y S Y VS S A E
taken in this approximation. It is obvious from the figure that 10
this approximation is not very good for these large momen- [MeV]
tum transfers, which are common in the hot protoneutron star

[54]. It should be noted that the neglect of the energy transfeﬁl(koy“a) andR, (ko |K) for the neutral current as functions of the

leads to the overestimation of the reaction rate. transfer energk,. The densit and proton fractiony , are the
The short dashed curves are obtained from the first term 9¥o- Yoo b P

including L, on the right hand side of E¢2.28, where only same as in Fig. 1, but the temp?r.attrrés smaller in this case,. gnd
the modified dispersion relation in medium, that is, the ef-Ne ransferred three momentukj is scaled as-3T. The explicit
fective mass and potential of nucleons, is taken into accounf'.alues are shown in the figure.
Note the effective mass of the nucleon becomes as small
~0.6M in the RMF (see[30,31]). The low effective mass
renders the structure functions a little bit wider than in the
noninteracting case, since the energy exchange between neﬁl . . N

trino and nucleon is facilitated, and lowers their amplitudes The case of the proton frfaCt'OY]P:O'l 1S shown in Fig.

4. The effect of the RPA increases with decreas

as well. It is important to note that with this modification ™ . h id b derstood ol Th ; N
alone, the neutrino scattering rates are considerably reducéfﬂﬂ"C could be understood as Toflows. The vector curren
correlation comes mainly from the neutron sector, since the

[3]. However, as shown in the preceding section, the inclu- ) b )
sion of the effective mass alone is not consistent with the@UPliNg constant for protons isy,~0. Since the neutron
EOS obtained in the RMF.

R, [104 MeV?]

FIG. 2. The vector and axial vector structure functions

E}L%PA. Thew meson becomes even more dominant ovewthe
meson and thus the RPA further reduces the amplitude of
(k), as shown in Fig. 3.

5 s L A L L

The solid curves in the figure shows the structure func-
tions calculated with the RPA correlation. As already men-
tioned, the scalar isoscalar meserand the vector isoscalar
mesonw are the dominant agents of the correlation for
R;(K). In the high density regime, the contribution af
dominates over that of, making the nuclear force effec-
tively repulsive and makes the structure function even
smaller for smallk,. On the other hand, the meson is the
dominant mediator of the nuclear correlation fBp(k).
Since the typical transferred momentum is still small enough
for the short ranged repulsive force described by the Landau-
Migdal parameters to be dominant, the response of this chan-
nel is also suppressed. The feature mentioned here is com-
mon to the structure functions in this density regime.

As the temperature decreases, the structure function is
more skewed toward positive energy trandigr-0, reflect-
ing the fact that the extraction of energy from the nuclear
medium becomes more difficult due to the Fermi blocking
for the down scattered nucleon. This is shown in Fig. 2.

R, [104 MeV?]

R, [104 MeV?]

AV I I N
T T T T TT1T T

—

/” = ~
- O ]

5x1014

g/cm?
40 MeV

axial vector

-120 -90 -60 -30 O

30
[MeV]

60
kO

90

On the other hand, as the density becomes higher, the FIG. 3. The vector and axial vector structure functions

nucleon effective mass gets smallevl{{~0.4My at pp,=

R1(Ko.|K|) andRy(ko,|K|) for the neutral current as functions of the

5x 10" g/cn?), making the amplitudes of the structure transfer energk,. The parameters are the same as in Fig. 1 but for

functions, both forR;(k) and R,(k), smaller without the

015803-7
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FIG. 4. The vector and axial vector structure functions -
Ry (Ko, |K|) andR,(ko,|K|) for the neutral current as functions of the ar - ]
transfer energ¥,. The parameters are the same as Fig. 1 but for the L) 3 » 3!1
different proton fractiony,=0.1. p [10M g/em? ]

- . FIG. 5. The suppression factors for the total scattering rates,
density increases as the proton fraction decr_eases, the vecﬁgt(Em) defined in Eq.(3.3, from Bruenn's expressions for the
;:urr%nt (é)rrslatlon becomes greater, reducing the Structur\/eector curren{upper figurg and for the axial vector currerower
unction Ry (k). . . . .. figure). HereE" is taken a€]'=3T. The proton fraction is chosen
The total scattering rate of the neutrino with the incident,gy _o 3 The suppressions are caused by the effective mass for
energyE, is given by the integration of the structure func- pycieons and the effect of the transfer energy spectra instead of the
tion with respect to the transferred momentkrand energy 6 function.
Ko:

3 out between these rates also comes from the inclusion of the
Rtot(Ein):f a4y _ (EM E°" cosh) effective nucleon mass and the finite energy and momentum
g (2m)3 2EM2ECU " VTV transfer, which are neglected in E@.4).
Figure 5 shows the ratio d&?™ evaluated for the first term

X[1-f,(ES] in Eq. (2.29 by using the exact formula given in E@.3) to
o R by using the approximate expression given in Ej4)

_ fOCZTrkko'k?axdko E,—ko as a contour map in the density and temperature plane for the
(2m)3Jo K EiV” given proton fraction. The contributions froRy, andR, are

shown separately. The incident neutrino energy is assumed
) to be 3T, and the blocking factor was dropped again.
R(E},Ep",cosd)[1—f,(ESY], It is again clear that the reaction rates are substantially
smaller than the standard ones before the RPA is included.
(3.3  This is mainly due to the decrease of the nucleon effective
, mass. In fact, as the density increases, the reduction becomes
with kg@*=min(k,2E}'—k). If we ignore the energy ex- greater, which is common to the vector current part fiem
change and the Fermi blocking for the scattered neutrincand the axial vector current part froRy. The nonmonotonic
and insert Eqs(3.1) and(3.2) into R; andR, in the above temperature dependence is understood as follows: in the
equation, we obtain the standard approximate forrhz]a standard approximation formula, as mentioned above, the en-
ergy exchange between neutrino and nucleon is neglected. In
tot, =iny F,oin2 N\ 2 N\ 2 the low temperature regime, this approximation tends to
R (EV)NN:E,W F(Ev) UL (hy)™+3(ha)"]}, overestimate the Fermi blocking for the scattered nucleon,
(3.4 reducing the standard rate. As a result, the suppression factor
becomes larger as the temperature increases. For even higher
which is frequently used in the literature. In the following we temperature, however, the width of the structure function
use this rate as a reference in evaluating quantitatively theannot be ignored and lowers the total scattering rate just
suppression factors of the total scattering rates due to thikke the neutrino-electron scattering. Since the latter effect
correlation. It should be noted, however, that the differencesurpasses the former at some temperature, the suppression

X.—
2EM2EM

2
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Sl;g)pression Factor for R, ( Y, =03) Suppression Factor for R, 't ( Y, =0.1)
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{ o / 0.2
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FIG. 6. The suppression factors for the total scattering rates, FIG. 7. The suppression factors for the total scattering rates,
R(EM) defined in Eq.(3.3, from Bruenn’s expressions for the R‘Ot(EiV“) defined in Eq.(3.3), from Bruenn’s expressions for the
vector currenfupper figurg and for the axial vector currertower vector currenf{upper figure and for the axial vector curreifiower
figure). E]'=3T andY,=0.3 are used here also as in Fig. 5. In this figure). The conditions are the same as those in Fig. 6, but the
case, the suppressions are caused by the RPA correlations in adgroton fraction is reduced here 1,=0.1.
tion to the effects considered in Fig. 5.

different proton fractions. As expected, the axial vector part

factor begins to decrease again above this temperaturleS more affected, since the isovecgomeson is governing its
which becomes larger as the density increases. These fe orrelation. It is also clear that the suppression is stronger for
tures were discussed in the paper by Schin8dét where he the smaller proton fraction.

studied the effect of the recoil of nucleons.

Figure 6 shows the suppression factor for the reaction
rates with the inclusion of RPA. It is evident that both the
vector current and axial vector current contributions are fur- The low density regime considered here is characterized
ther suppressed, which is expected from the above results fdy the appearance of nuclei for low temperatyi28,29,59.
the structure functions. Indeed the reaction rates become leédthough we cannot treat the coexistence phase of nuclei and
than half the standard rates around the saturation densitpucleons within the current formulation and consider here
Since the delayed explosion is very sensitive to the neutrinonly the gas phase where no nuclei exist, the precursor of the
luminosity and the energy, this suppression could have aphase transition is already imprinted in this regime.
significant influence on the final outcome of the core col- As opposed to the previous section, #iemeson domi-
lapse. nates thew meson and the isoscalar nuclear force becomes

We can understand the different density and temperaturattractive. As a result, the correlation enhances the reaction
dependences of the vector and axial vector contributions. Inate coming from the vector current part. This can be seen in
the former case, the RPA suppression is strongly densitfig. 9, where the structure functiof® and R, are shown
dependent, since the nuclear force is determined by the confier the temperature near the phase boundary. The enhance-
petition of the attractiver meson and the repulsive meson.  ment ofR; in the vicinity of ky=0 suggests the existence of
As a result, the reaction rates are more strongly suppressedihe static unstable modé&6]. In fact, R, diverges on the
the higher density regime. On the other hand, the balancso-called spinodal lin¢57]. From the thermodynamic con-
between the attractive meson and the repulsive short range sistency discussed aboveiN/du) also diverges on this
force described by the Landau-Migdal parameter is deterline. This behavior is better indicated in Fig. 10, in which the
mined by the momentum transfer, thus more temperature deenhancement factor with respect to Bruenn’s standard for-
pendent. Since the nuclear force is more repulsive for thenula is plotted as a contour in the density temperature plane.
smaller momentum transfer, that is, in the low temperaturéds the temperature decreases, the reaction rate becomes
regime, the rate is reduced further there. larger. The lower boundary of the computation region

Figures 7 and 8 shows the suppression factors for theoughly corresponds to the spinodal line obtained by the cur-

2. Low density regime
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FIG. 8. The suppression factors for the total scattering rates, FIG. 10. The enhancement factor for the vector_current contri-
RP(EM defined in Eq.(3.3), from Bruenn's expressions for the bution (uppe) and the suppression factor for the axial vector cur-
vectorvcurren(upper figure and for the axial vector curreiower  'ent partlowen for R(E})) defined in Eq(3.3) are shown for the

figure. The conditions are the same as those in Fig. 6, but thdW density regime. Here the proton fraction¥=0.3. The dark
proton fraction is changed here ¥,=0.5. regions are outside the computational grid and roughly correspond

to the coexistence phase of nucleons and nuclei, where special care
. ) o _ is required to treat the nonuniform matter.
rent model. Incidentally, the axial vector contribution is

hgabrdly afffeCtiq siﬂce thle and @ Mesons are minor Con-  gjnce in reality this liquid-gas phase transition occurs not
tributors for this channel. by spinodal decomposition but by nucleation, the actual

phase boundary does not correspond to the spinodal line ex-
cept at the critical point, and the spinodal line is never

1T
3x1013

Py, = @/ ems reached28,29,55. The critical temperature obtained from
vector T = 20 MeV | RPA is about 15 MeV, which is actually consistent with the

_ value obtained from the EOS by Shenhal.[28,29.

Although the enhancement factor is still relatively large in
the region not very close to the phase boundary, this effect
has only minor importance for the neutrino opacity, because
the vector current contribution is typically much smaller
(~1/4) than the axial vector contribution. Provided that the
) Y, =03 axial vector part is slightly suppressed in this regime due to
- axial vector K| = 65 MeV] the repulsive nuclear interaction for that channel, the total
. LT _ scattering rate will not be increased significantly unless the

critical point is approached very closely.

R, [104 MeV?]
[

R, [104 MeVZ]

B. Charged current reactions

L e b e b b | The RPA correlation is calculated for the charged current
—-40 -30 -20 -10 0 10 20 30 40 reactions just the same way as for the neutral current reac-
ky,  [MeV] tions except that the vector isovectprmeson is the only

FIG. 9. The structure function®,(ko,|K|) and R,(ko,|k|) for ~ mediator of the correlation. It is noted again that since only
the neutral current in the low density regime. The densjtytem-  the spin-transverse correlation matters for the neutrino reac-
peratureT, proton fractionY,,, and the absolute value of the trans- tion rates in the RPA, the pion does not make any contribu-

ferred three momenturk| are shown in the figure. Only the effec- tion. As a result, for the relatively small momentum transfer
tive mass of the nucleon is taken into account for the short dashedf current interest the nuclear force is repulsive and the cor-
curve, while the RPA is included for the solid curve. relation always tends to suppress both the vector current and
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FIG. 11. The structure functiorR;(ko,|k|) andR(ko,|K]) for FIG. 12. The structure functior,(ko,|K|) andRp(ko,|K]) for
the charged current reactions, where protons change into neutrorf§€e charged current reactions, where protons change into neutrons,
The densitypy, , temperaturd, proton fractionY,, and the absolute for the proton fractionyY,=0.3. The three momentum transfét
value of the transferred three momentlkh are shown in the fig- is also changed to the electron chemical potential. The notations for
ure. The long dashed curve represents the noninteracting case whitgrves are the same as in Fig. 11.
the short dashed curve shows the case for the effective mass of the

nucleon being taken into account. The solid curve shows the results 92
the axial vector current contribution to the charged current P

reaction rates like the axial vector part of the neutral current.

This is true not only in the high density regime but also inThus, in neutron rich matter, the proton is more strongly

the low density regime unlike the vector current part of thebound than the neutron. This difference of potentials serves

neutral current reaction rates which is enhanced by thas athreshold for the— n reaction as the mass difference of

liquid-gas phase transition. nucleons does for the reaction in vacuum. It is, however,
Figure 11 shows a typical modification of the structureignored in the approximate formu[&], which is given by

functions around the saturation density for the symmetric

nuclear matter. Depicted af;(ko,|k|) and Ry(ko,|K|) for

o B 5
the e+ p— v+ n reaction with the outgoing neutrino en- Ru(ko,[K])~27 (ko= 4)9v" 7pn, 3.9
ergy of ~ue, the electron chemical potential. It is clear

again that the decrease of the nucleon effective mass alone Ra(Ko,|K|)~278(Kg— A) g2 7pn, (3.9

(the short dashed curyeccounts for more than half of the
suppression with respect to the noninteracting ¢tselong
dashed curvye Moreover, as the electron chemical potentialWith  7,,=[[2d%p/(27)3]f ,(p)[1—f,(p)]. Hence the
is quite large~250 MeV, the average energy transfer from structure functions in this approximation are delta functions
the incident electron to the nucleon becomes also largelaced akko=A=M,—M,.
Hence neglecting the energy transfer completely, as assumed With the potential difference taken into account, however,
in the approximate formulf2], leads to a sizable overesti- the structure functions are shifted byAU';‘,’f, thus they do
mation of the reaction rates for the high energy neutrinonot agree with the approximate ones even in the static and
emission. long wavelength limit withM{,— M. This is seen in Fig.
The results change qualitatively for asymmetric matter,12, where the structure functions for the asymmetric matter
since the potential for the neutron is different from that for(Y,=0.3) are shown for the noninteracting casee long
the proton in the medium. This is understood as follows. Indashed curveas well as the case with the nucleon effective
the nonrelativistic limit the dispersion relation for the mass and potential alone includétie short dashed curve
nucleon is written as and the case with RPA also includétie solid curve In the
noninteracting case, the structure functions are located
aroundky~ A, while in the other cases they are moved to-
ward the positive energy transfer as stated above.
The total v, emission rate is given for an outgoing neu-
trino energyE®" as

. |K?
EN(k)=L+Up°‘,

2M¥, (39

and the potential difference is given in RMF by
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FIG. 13. The totalv, emission rate defined in E¢3.9 as a FIG. 14. The structure functior; (ko,|K|) andRy(ko,|K|) for

. ; . ot
function of the emitted neutrino enerdy,”. The upper panel he charged current reactions, where protons change into neutrons.

shows the rate coming from the vector current and the lower panef,o densitypy, , temperaturd, proton fractionY,,, and the absolute
represents the axial vector current contribution. The long dashed

- , Lo . ~value of the transferred three momentlikh are shown in the fig-
curves are obtained from Bruenn’s approximation formula, while . :
. ure. The long dashed curve represents the noninteracting case,
the short dashed curves represent the results with the nucleon effec: . .
. . o . while the short dashed curve shows the case for the effective mass
tive mass and the isovector potential included. The solid curves . : .
of the nucleon being taken into account. The solid curve shows the
correspond to the RPA results.

results of the RPA. Here the temperaturd@is10 MeV. The three
momentum transfeHZ| is also changed to the electron chemical

34in . . . .

RtOt(Eg“t)ZJ d qe3 inl outR(Eig ,Eg”t,cosﬂ)fe(Eg‘) potential. The notations for curves are the same as in Fig. 11.
(2m)” 2B 2E, fo(Ef)=1 and, as a result the emission rate becomes

. ¢ E%k, 1 smaller. This occurs for small&®" in Eq. (3.9) than in Eq.

= 27kdk | °dk, ! - (3.10 due to the large width of the structure function. It
2 3 0 K Eout 2E|n2Eout . .
(2m) 0 v ecEy follows that the total emission rate is greater than the ap-
i i roximate one given by Eq3.10 for neutrinos with ener
X R(EN E% cosh) f(ED), 39 P given by Eq3.10 oy

E%"<u, and smaller for neutrinos witES"'< ue. This is

4 o0 7 out . indicated in Fig. 13. Thus lower energy electron neutrinos
whereko = yme+(E,"=k)"—E,". Inserting Eqs(3.7) and 46 produced more efficiently than predicted by the standard

(3.8 into the above equation, we obtain the standard apyp,,roximate formula. It is also seen that the RPA correction
proximate formula: is not very large since the nuclear force becomes less repul-

G2 sive for the large momentum transfer considered here.
tot, =out F, o 2 out 2 Figure 14 displays the structure functions for a lower tem-
~— + + . ; S .
RTED 7 (v 1394 7pn(E, A) perature. It is evident that their widths became smaller. This

5 is because nucleons become more degenerate as the tempera-
/ mg out ture is lowered and a larger energy transfer is required to
X\ 1= M) fe(E,7+A). overcome the difference of chemical potential between the
v neutrons and the protons. The comparison of Fig. 15, which
(3.10  represents the emission rates for the same temperature, with
Fig. 13 shows that the emission of high energy neutrinos is
For symmetric nuclear matter, the density and temperaturgeverely suppressed in the low temperature case, because it is
dependence of the suppression factor of the total emissiogontributed from the high energy tail of degenerate electrons.
rates, that is the ratio of E¢3.9) to Eq.(3.10), is essentially |t is also seen from the figure that the approximate formula
the same as that of the axial vector contribution to the neutraknds to overestimate the Fermi blocking factor for the out-
current reaction. For the asymmetric matter, as understoogoing neutron by neglecting the finite energy transfer, thus
from Eq. (3.9), the k integration has a greater contribution underestimating the emission rate. The RPA correction is
from larger momentum transfer due to the shift of the struceven smaller in this case, since the narrow structure functions
ture functions, which tends to make the reaction rates largefavor higher momentum transfer.
thanks to the larger phase volume. HoweverE§$ comes As the density is increased or the proton fraction is de-
closer to we, the electron population starts to depletecreased, the potential difference becomes larger. Hence the
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FIG. 15. The totalv, emission rate defined in E43.9 as a FIG. 16. The totalv, emission rate defined in Eq3.9) as a

function of the emitted neutrino energg®. The upper panel function of the emitted neutrino enerds,". The upper panel

shows the rate coming from the vector current and the lower paneihows the rate coming from the vector current and the lower panel
represents the axial vector current contribution. The long dashetgPresents the axial vector current contribution. The long dashed
curves are obtained from Bruenn’s approximation formula, whilecurves are obtained from Bruenn’s approximation formula, while
the short dashed curves represent the results with the nucleon effelfie short dashed curves represent the results with the nucleon effec-
tive mass and the isovector potential included. The solid curvedve mass and the isovector potential included. The solid curves

correspond to the RPA results. Here the temperatureTis correspond to the RPA results. Here the density dg
=10 MeV. =5x10" g/cn?

features mentioned above become more prominent, which ROSitrons with lower energies which are more populated,
demonstrated in Figs. 16 and 17. In the latter case, since tHgading to larger emissivity of,. On the other hand, the
electron chemical potential is also decreased, it is possibldfPA correction tends to reduce the rate as in #hecase.
for small' Y, andT, that the structure functions and the elec- These trends are shown in Fig. 19, where themissivity is
tron distribution function in the integrand of E(.9) do not  plotted as a function of the energy of the emitted neutrino.
have a significant overlap and the emissivity is strongly re-The potential difference for neutron and proton provides the
duced. This is the well known suppression of the URCAemitted neutrino with certain energy~@0 MeV in this
procesg58]. case. Although the correlation reduces the emissivity sub-
The structure functions for the— p reactions are derived stantially, the emissivity of high energy neutrinos are larger
from those for thep— n reactions by using the detailed bal- even after RPA is included than for the approximate formula.
ance relation expressed as Thus far, we have discussed theemissivities. The cor-

responding absorption rates of via ve+n—e+p and;e

via ve+p—e*+n are obtained by the detailed balance
equation:

R(™P)(k) = efko~Arp RPN (— ), (3.11)

where Aupn=up—u, is the difference of the nucleon

chemical potentials. In this paper, however, the-p struc- RYYE,)=efE~mIROYE ), (3.12

ture functions were calculated in the same way as phe

—n counterparts, and we confirmed directly that the abovevhere the neutrino chemical potential is defined ras

relation is actually satisfied. ©
As expected, the structure functions for the>p reac- | )

tions are shifted toward negative energy transfer due to thiS €asily proven from Eq(3.11).

potential difference for protons and neutrons in asymmetric

matter, which is shown in Fig. 18. The RPA correction ac- IV. CONCLUSION

counts for about half of the total suppression in this case. With a view of application to superova simulations

The total emissivity ofv, via e”+n—v.+p is obtained [59 60, we have calculated the neutrino-nucleon reaction
from Eg. (3.9 with the following exchangegp—n, e—e"  rates in hot and dense supernova cores with the RPA corre-
and ve—ve. The important difference from the, case lations taken into account. The approximations are based on
comes from the fact that positrons are not degenerate in thite Lagrangian used in the RMF for the nuclear EOS, where
supernova core. The shift of the structure functions in thehe nonlinearc and @ meson terms are included. This en-
direction of negative energy transfer gives greater weights tgures the thermodynamic consistency in the static and long

= e+ tp— o fOr ve and u, =~ pu,_for ve. This relation
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FIG. 17. The totalv, emission rate defined in E43.9) as a FIG. 18. The structure functiorR,(ky,|k|) andR,(ko,|k|) for

function of the emitted neutrino energg®". The upper panel the charged current reactions, where neutrons change into protons.
shows the rate coming from the vector current and the lower panelhe densitypy, , temperaturd, proton fractionY,, and the absolute
represents the axial vector current contribution. The long dashedalue of the transferred three momentljjfh are shown in the fig-
curves are obtained from Bruenn’s approximation formula, whileure. The long dashed curve represents the noninteracting case while
the short dashed curves represent the results with the nucleon effeitve short dashed curve shows the case for the effective mass and the
tive mass and the isovector potential included. The solid curvessovector potential of the nucleon being taken into account. The
correspond to the RPA results. Here the proton fractiorYjs  solid curve shows the results of RPA.
=0.1.

mass difference does in vacuum. In fact, with the potential

wavelength limit between the EOS we use in the supernovdifference included, there emissivity viae+p—wve+n is

simulations and the vector current correlation of nucleon%ucq srgallgrffor h;ghgr etp]erg%/hneﬁtrlndostghan preQ|cte(fjlby
which gives partial contributions to the neutrino-nucleon € standard formuia. ©n the ofher hand, the emission oriow

scattering rates. The same method is extended to the axi@N€rgy antineutrinos via"+n— wve+p is reduced. In both
vector current as well as to the isovector current correlations
with the residual interactions added which are described by Sl R R I I I

the tensor coupling of the meson and the so-called Landau- I A O veetor 1

Migdal parameters. L | A= 3x10“ g/em? .
We have found that the neutral current reactions are sup- g 2 - T = 20 MeV N

pressed substantially in the high density regime, hniPY

=10 g/cn?, due to the repulsive nature of the nuclear ‘é__l

forces. In the lower density regime, however, the vector cur-
rent contributions are enhanced as the temperature is de- o
creased and the boundary of the gas phase, which is placed
by RPA consistently with EOS, is approached. Although this
is interesting itself, the total scattering rates are not enhanced
significantly except for the very vicinity of the critical point,
since the axial vector contribution is dominant over the vec-
tor current one and is unaffected by the liquid-gas phase
transition. We have also shown that the neglect of the finite
energy exchange between neutrino and nucleon, which is 0
assumed in the standard approximation formula, can lead to

a significant overestimation of the total reaction rates in the

high temperature regime where the typical incident neutrino i, 19. The total, emission rate as a function of the emitted
energy is no longer much smaller than the nucleon effectiveyeytrino energg®"t. The upper panel shows the rate coming from
mass. the vector current and the lower panel represents the axial vector

In the case of the charged current reactions, it is moreurrent contribution. The long dashed curves are obtained from
important to take proper account of the potential differenceBruenn’s approximation formula, the short dashed curves represent
for neutrons and protons than to consider the RPA correlathe results with the nucleon effective mass and the isovector poten-
tion, since it serves as a threshold of the reaction just as tal included. The solid curves display the RPA results.

Ryt [105 MeV]

= |
AT Si ol by Ly T T

0 30 60 90 120 150
Ecwt [MeV]
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cases, the RPA correlation reduces the total rates further. functions. These real time retarded Green functions Eq.
These modifications of the neutrino-nucleon reaction rate$2.12) are derived from the corresponding causal Green func-
could have an important impact on the mechanism otions defined by Eq(2.11) via the relation Eq(2.13. Thus
collapse-driven supernovae, since they are the dominamfll we have to do is to calculatR° and then to solve Eq.
opacity sources for neutrinos. The smaller opacity leads t¢2.28 which is now rewritten in momentum space as
larger neutrino luminosity, and hence to a greater heating
rate behind the stagnated shock wave, which gives better Rab. . Roab ROAC c Reb
odds of obtaining a successful explosion. The changes in Iy (k) =1y (")‘2 IR (Kol kI (k).
neutrino mean free paths, on the other hand, could also affect (A1)
the strength and region of convection in the protoneutron
star, which is one of the key ingredients to determine theHereHﬁOab(k) is derived by Eq(2.13 from Hﬁf‘b(k) which
neutrino luminosity and energy. These issues will be disis expressed as
cussed in detail elsewhef61].
It is clear that the RPA does not include everything. As ab d*q
understood from the fact that the RPA is consistent with the IR (k)=Trf ;G(a+kIr°G(g),  (A2)
mean field theory for the equation of state, RPA studies the (2)
response of the mean field to external disturbance. Addi- , » . .
tional gqrrelations might be induceq by some re_actions suc\é\/g:rgl;eznsﬁ,ir:gt{grr]lgﬁ;’&ﬁeg]ﬂgfv'es(bk); FlésMaF:smgIe par-
as collisions of two nucleons via spin and isospin dependen

reactions, as pointed out by some authors. Although these G(K)=Gg(k)+Gp(K), (A3)
effects can in principle be included in the above formulation

by taking the corresponding higher order corrections to the K+M*

self-energy, this is extremely difficult to achieve in practice. Gr(k)== N , (A4)
In this paper we employed the RPA respecting the consis- k2*=MRy%+ie

tency between the calculated reaction rates and the EOS we
have currently at our disposal. Nevertheless, these issues re- Gy (k)= (k+MZ)27i 5(k2—M¥?)
main to be studied further. B o
X{O (ko) fn(Ko) +O(—ko)fR(—Ko)}, (AS5)
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