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Neutrino mean free paths in cold symmetric nuclear matter
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The neutrino mean free patfidMFP) for scattering and absorption in cold symmetric nuclear mé&siM)
are calculated using two-body effective interactions and one-body effective weak operators obtained from
realistic models of nuclear forces using correlated basis theory. The infinite system is modeled in a box with
periodic boundary conditions and the one particle-hgeh) response functions are calculated using the
Tamm-Dancoff approximatio(TDA). For the densitieqa»:%, 1, %po, wherepg is the equilibrium density of
SNM, the strength of the response is shifted to higher energy transfers when compared to a noninteracting
Fermi gas(FG). This and the weakness of effective operators compared to the bare operators, significantly
reduces the cross sections, enhancing the NMFP by factors2d6—3.5 at the densities considered. The
NMFP at the equilibrium density, are also calculated using the TDA and random phase approxim@&Ry)
using zero range Skyrme-like effective interactions with parameters chosen to reproduce the equation of state
and spin-isospin susceptibilities of matter. Their results indicate that RPA corrections to correlated TDA may
further increase the NMFP by25% to 3—4 times those in a noninteracting FG. Finally, the sums and the
energy weighted sums of the Fermi and Gamow-Teller responses obtained from the correlated ground state are
compared with those of the fi-h response functions to extract the sum and mean energies of pahlti
contributions to the weak response. The relatively large mean energy of theppudtkcitations suggests that
they may not contribute significantly to low energy NMFP.
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[. INTRODUCTION sistent[8] and that a consistent set of effective operators and
In the past decade it has become clear that neutrinos pl ective interactions must be included in a more accurate
eatment.

a dominant role in many astrophysical processes. In the con- . .
text of supernovae and neutron stars, for example, it is es- As a first step toward a more consistent treatment of neu-

sential to know neutrino interactions with nuclear matter,!"iNO interactions, a previous articl8], hereafter referred to

while modern neutrino detectors such as KARMEN and®S |, described a consistent set of effective interactions and

MiniBooNE, used to study neutrino properties, require aneffective weak operators developed starting from realistic in-

understanding of neutrino-nucleus interactions. Theoretiléractions using correlated basis the¢GBT). The charge

cally, essentially exact neutrino interaction rates can be cafturrent effective operators were found to be quenched by

: . I ~20-25 % relative to the bare operators, indicating that neu-
f;ut:itnesd gpely 'gégﬁ)llég%?tﬂ rr]g;:gi]cwi?ta::(gi:)nr:tslo (I:r?lcrl:acen trino cross sections predicted by previous calculations using

P . : are weak operators may be overestimated. We present here
years, much effort has been directed to developing more ag

L . “the next essential step in the ongoing program to predict
curate approximation methods to calculate neutrino reactiogvep in supernovae and neutron star matter. NMFP for

rates and Iuminositi_es. Neutrino interactions with nuclei havescattering and absorption in cold symmetric nuclear matter
been calculated using, for example, shell model and randogsNM) are calculated using the two-body effective interac-
phase approximatiotRPA) [2,3]. While for infinite matter, tijons and one-body effective weak operators obtained in 1.
recent calculations have used mean field or Fermi |IC]UId The structure of the paper is as follows. A brief review of
theories and the RPM—7]. the effective interactions and effective weak operators in

For conditions relevant in neutron stars and core collaps€BT is given in Sec. Il. The infinite system is modeled in a
supernovae, these earlier calculations have found a signifbox with periodic boundary conditions and response func-
cant reduction in reaction rates associated with correlationsons are calculated using the Tamm-Dancoff approximation
in the nuclear wave function. For example, using Skyrme{TDA). These methods are discussed in detail in Sec. Ill. The
like effective interactions and RPA, Red@y al. [6] obtain  charge and neutral current response functions are presented
an enhancement of the neutrino mean free ghtMFP) of  in Secs. IV and V, respectively. These are used to determine
~2-3 in hot asymmetric matter. Similar effects on neutrinoNMFP for neutrino absorption and scattering in Sec. VI. A
mean free path§NMFP) due to scattering of neutrinos by comparison of response functions and NMFP obtained using
neutral weak currents in hot neutron matter were found byCBT and Skyrme-like effective interactions is presented in
Iwamoto and Pethick7] using Fermi liquid theory. These Sec. VII. Results of RPA calculations using such Skyrme
calculations have incorporated the effects of correlations ifnteractions are given in Sec. VIII. Estimates of the mean
the nuclear wave function through empirical effective inter-energy of neutrino response via multi-particle-hole excita-
actions or Landau parameters. However, they have neglectdiins of matter using response sums and energy weighted
the effects of correlations on the operators and used barsums are discussed in Sec. IX. Conclusions and future
weak operators. It is well known that this treatment is incon-projects are discussed in Sec. X.
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Il. EFFECTIVE INTERACTION AND OPERATOR The CBT has been used to study various properties including

In this section we briefly review the two-body effective gﬁ:\ja[llp%)tentlals of nucleons in SNM4] and responses of

interaction, vfj:B and one-body effective weak operators,
OSJ“”’), obtained previously using CBT. The reader is re- A. Effective interaction
ferred to | for detalils.

In CBT the nuclear states are defined as

Wy = (SH Fi,-)|<bx>, (1) (WyH[Wy) =

i<j

The energy of the correlated statgy) is

(Dy|[STIF;; 1(H = T (X)) [SIIF;; ]|y
(Dy|[STIF;; 1Dy

+ Tea(X), (6)

where |®y) are uncorrelated Fermi gagG) states and
SIIF;; denotes the symmetrized product of pair correlation

: k2
operators given by Tea(X) = s iy )
all i occupied in®y 2m
Fiy= 2 fP(r;)Of. 2 .
p=1,6 Including only two-body clusters:
- 1
Oi‘}:l"i: 1,7 7,00 0,7 - 70;- 6,5, 7 - 7S;. (3 (UyH|Py) = Tea(X) +i2<]_(|l _J||Fij|:vijFij - E(VZFU)
The pair correlation functiondP(r;;), are obtained by mini- 2
mizing the energy of SNM using Fermi hypernetted and _E(VFij) -V i), (8)

single operator chain summation metho@SHNC-SOQ
[10,17. These variational calculations also include spin-orbitwhere |ij)=€®i"*ki ")y (i)x,.(i), x,, denote spin-isospin
correlations, which are neglected in the present work. Thetates, andj; is taken to be the static part of the Argorrt
correlated stategly) are not necessarily orthogonal. They potential. The gradient operates on the relative coordinate,
can be orthonormalized as discussed in REZ]. However,  and the suni<j is over states occupied {®x). The effec-
in | and here we have neglected the orthogonality corrective correlated basis two-nucleon interaction is given by
tions. They should be included, together with many-body 1 )
cluster contributions, in a more accurate treatment. CB_ 2
' ° . CB=F | viiFi — = (V&) - —(VF;) -V |. 9

The FG statesdy) are specified by the occupation num- Ui ”{v” . m( ) m( ) ] ©

bersny(k , o, 7) of plane wave single particle states with mo- .
x(k,,7) of plane wave single part " The v ® has momentum dependence via (V) -V term,

mentumk and spin-isospinr, 7, in the many-body statX. hi hJ : tributi o th it . h
The FG ground statéb,) of SNM hasny(k,o,7=0(k.  Which gives contributions to the matter energy via exchange

~|k|), whereke is the Fermi momentum. It is often conve- terms in Eq.(8). This contribution is much smaller than that

nient to specify the FG states by particle-hole excitations on the momentum independent, static termsi‘fﬁ defined as

the ground state. For example, 1
Ui(j:BS: Fij(vij - ;]V2> F” . (10)
|D1p1n) = a;r,,a . ah,ah,7h|q)0>' (4
prp . CBS: .
) We consider only;;~~in this work.
The correlated statelsl’x>_ are In one-to-one CoIréspon-  The energy expectation valy&g. (6)] has contributions
dence with the FG states via E@). Thus they can also be from clusters with=3 nucleong16]. They contribute to the
labeled with particle-hole excitations of the correlatedtwo_bodyvie_ff as well as=3-body effective interactions such
ground state: asVel'. Their contribution taf™ has been studied in the past
[14]. These many-body cluster contributions are mostly ne-
|‘1'1p,1h> = <SH Fij>|q’1p,1h>- (5) glected or approximated in the present work for the follow-
< ing reasons.
At small excitation energies these particle-hole states have The low-energy responses to weak currents are expected

long lifetimes, and following Landau they are called statest® be sensitive to the spin, isospin, and Gamow-Teller sus-
with quasiparticles and holes. ceptibilities of matter. The isospin susceptibility of nuclear

In Landau theory the correlatdzﬁ'()) is assumed to be the matter and the spin susceptibility of psure neutron “.“a“e“
~ , calculated using the present two-b agree well with
exact ground state, and the low-enef#, ) states Wit ye5its of recent many-body calculatiofg. In addition, the
quasi-particle-hole pairs are semistationary states. The CByjculated spin and Gamow-Teller susceptibilities of nuclear
states are generally not eigenstatesHosince they include  matter are similar to those obtained with some recent
only the dominant correlations in an approximate form.gyyrme-like and Michigan three-range Yukawa interactions
Feenberng]_argued that the Hamlltonlan_ matrix will have [17]. Thus it appears that the spin-isospin dependent parts of
smaller nondlagongl elements in the CB sif¥g) are much the present;ﬁBS provide a good approximation.
closer to the exadtVy) than the|®y). Therefore many-body However, the matter energy calculated usif§S has a
perturbation theory could have better convergence in the CBninimum atp> p, and matter is unstable at=p,. In fact,
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we believe that SNM is stable to density fluctuations down to |Dp) = ag ordng - |D),
densities~0.1 fn3 [18]. We must ultimately include the e T
three-body bare and effective forces and many-body clusten which only theijJf(lb) contributes. The total response has
terms in the effective forces to obtain this stability. In the smaller contributions frorm=2 quasi-particle-hole excita-
total energy,E(p), of SNM there is a large cancellation be- tions viaOZ/"™?. In Sec. IX A we study sums and energy
tween the contributions of the one-bodys and two-body  weighted sums of the weak response. They suggest that the
vﬁ”. Therefore the contributions of many-body clusters to then=2 quasi-particle-hole excitations contribute mostly to re-
E(p) are important. In the absence of these, the response gponse at large excitation energy, and their effect on the
density fluctuations to the spin and isospin independent paliMFP in SNM should be small. From now on we consider

17)

of Oyy cannot be calculated. For calculating neutrino scatterenly the O

ing processes via the density term@f,, we add a correc-
tion to v*BSthat stabilizes matter gt=0.1 fm™2 and repro-
duces the empiricaé(p) of Ref.[18]. This correction ta“BS

3\;““’) and drop thg1b) superscript for brevity.
The cluster expansiof®,16| is used to calculate th@S'f
from Eq. (11). The one-body cluster contributions gi@§'

=0y; however,=2-body clusters mak®Z'# Oy In 1, the

is discussed in more detail in Sec. V. It does not contribute t@ffective one-body operators were calculated in a two-body
the dominant charge current and the spin and/or isospin dejuster approximation at a variety of proton fractions and

pendent parts of neutral current response of matter.

B. Effective weak operators

eff

The effective weak operatorg),,', are defined as

(Dg|[STIF;; JOW[ STIF; ]| @)
\"/<(DF|[5HFij]2|¢F><<D| |[SIIF;; %))
= (PelOY D)),

<‘I’F|OW|\I’|> =

(11

Here subscriptd and F label the initial and final states of
nuclear matter and®,, are the bare low energy one-body
weak operators given by

oF:Z Oc(i) :2_ 7dami, (12)

Ogr=0p 2 Ogrli) =ga 2 7oi€?, (13

Onv = E Opi) = E <— Sirféy + %(1 -2 sirf 9W)7.iZ>eiq-ri,
(14)

1 :
ONAngE Onali) =9AE_ Eﬁzaie'q'”, (15)

i is the nucleon number label andis the momentum given

by the weak boson to the nucleon. The electroweak mixin

angle isé,, with sir? 6,=0.2314, andj,=1.26 is the ratio of

the weak axial vector and Fermi coupling constants of the

nucleon. The four operators are called Fel), Gamow-
Teller (GT), neutral-vector(NV) and neutral-axial-vector
(NA).

Note thatOg" is a many-body operatorOg/=0F/"*
+OC®+... We define theOS™ operator such that it
contributes to the matrix element 6f, [Eq. (11)] only when
|®g) is ann-particle-hole excitation ofd,):

[Py =al al -

0,8p, (16)

ah &y ++ & an [0).
Theos\;f(”b) is then am-quasiparticle operator. The dominant
part of the weak response of SNM comes from thelh
excitations:

matter densitiedp=3,1,3p,). It is convenient to define a
quenching factor, 7=(®g|0®))|?/[(De|OP2 D ))> to
characterize the difference between the bare and effective
operators. For isospin and spin dependent opera@$,is
quenched relative t®°2"® and »~ 0.75-0.80. For these op-
erators, n is relatively insensitive to the system density.
However, for the isospin and spin independent tern®gy,
€97i sir? 6y, 7 is very sensitive to the density of the system;
at p=(1/2)p,, the effective operator is enhanced amd
~1.2 while atp=(3/2)py it is suppressed withy~0.75. For

all of the effective weak operatorg is essentially indepen-
dent of g at low momentum transfers but depends slightly
(<3%) on the initial and final momentdy and p, via the
exchange terms of the cluster expansionoﬁf obtained
from Eq. (12).

Ill. RESPONSE FUNCTIONS IN THE TAMM-DANCOFF
APPROXIMATION

We begin by calculating the response to weak probes of
cold SNM defined for vector currents as

1
Ru(w,q) = ;2 (WO W)Pow+E —Er) (18
F

1
= 2 [@elof@)Polw+E ~E). (19
F

Here w is the energy transfer and the total number of

%ucleons. For axial-vector currents it is

> 2 UDEOR] JP)PS(w + E — Ep),

a=x\y,z F

1
Rav(®,q) = Z\

(20)

where « denotes the components of the axial vector.

The ground state is approximated|d5)=(SIIF)|®g). In
the zeroth order of CBTy®/'=0, the states¥y) are single
quasi-particle-hole excitations:

[We) = [ = (STIF)|® ) = (STIF)al & Do)

We use subscriptm, n,... to denote the particle andj,...
to denote hole states. The zeroth-order CBT response is
given by

(21)
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1
R (0.0)= 2 2 (0O (ki ki p) D)ol efy — 6 — )
ki< 0.025
X &k =i = 1), (22

for example. The single-particle energies

D=2 (23)

for a=m or i, sincev®'=0. The Rif’)(w,q) differs from the

FG response only vi@¢". In Eq.(22) we have clearly indi-

cated the dependence ©f'" onk,, k; and the matter density ! : ) .

p. It is omitted from the following equations just for brevity. 0 10 20 30 40 50
In the first order of CBT the stat¢®,) and |¥;) retain ® (MeV)

their S'T“p'e. form as in the mean-field or Hartree-FeklF) FIG. 1. Fermi response functions calculated for cold SNM at

approximations qf the many—body Fheory. The correla}ted _HF - po Using CTDAwCES and0e!f atq=0.05, 0.10, 0.15, 0.20, 0.30,

(CHF). response 1S ob_tal_ned by using the CH_F ql,_|a5|part|cI%.40’ and 0.50 frit. The width of the Gaussian folding function is

energies in Eq(22). Within the present approximations they g 7 \ev.

are given by

=2+ Y, (ai-ialy®PYai). (24) L=2" 2. (29)
ki<kg |q| K
The Tamm-Dancoff approximation provides the next stepThis gives a minimum box length,,;,=27/|q|. The size of
in the calculation of response functions. The ground statéhe basis is increased by increas'm@ By adopting the box
retains it's simple form; however, the excited staté¥z),  method, the exchange terms of E@6) are trivially and
are expanded in a basis of correlatgs Ih excitations with  explicitly included and we hope that calculations at finite
total momentuny, isospinT=0,1, andspin S=0, 1: temperature will be simpler.
The response functions, Eq49) and (20), obtained by
[We) = (STIF) X chana|®o) = (STIF) X ciyfmi). (25) diagonalizing the Hamiltonian matripEqg. (26)] between all
mi mi the p-h states in the periodic box are a series of delta func-
tions with various strengths. For graphing and fitting pur-
poses, these delta functions have been folded with a Gauss-
ian function. The width of the folding function was chosen to
best reproduce the analytic noninteracting FG calculations.
However, the width is not a physical parameter and observ-
ables such as the NMFP must not be sensitive to it. In prac-
Hmi,nj=(6m—Ei)5‘5mn+<mj|vCBﬂin>—(ijUCBﬁim.(ZG) :fc?éetrgﬁolse:uhirlé.one uses small enough widths such as

The coefficients,c,ﬁ“, are obtained by diagonalizing the
Hamiltonian in the correlatedptlh basis. We refer to this
method as CTDA.

The matrix elements of the Hamiltonian betwegn 1h
statesmi andnj are given by

In the CTDA the effective interaction between quasi-particle-
hole pairs is treated to all orders. This is necessary because
this interaction can produce collective coherent states. The absorption of neutrinos via the charged current pro-
We model the infinite system in a box with sidesising  cessn+v,— p+e~ is determined by the Fermi and Gamow-
periodic boundary conditions. The single particle states areTeller (GT) responses of nuclear matter. The results obtained
in the CTDA for p=pg are shown in Figs. 1 and 2 for various
b, :i_ d kitiy (i) (27) values ofqg. In Figs. 3 and 4 we give more details of the
bV o responses afj=0.3 fm L. The top graphs of Figs. 3 and 4
show the response functions across all energy transfers
wherek,=(27/L)n andn,,,=(0,+1,+2..). At zero tem-  the lower, a magnification of the small region. In both
perature, all single-particle states wjt| <kg are occupied figures, q=|q|(1/V14)(X+2J+32) with L chosen such that
in the ground state. Thepilh excitations consist of all states the number of p-1h basis states is-3200 and the box con-
|[mi) where k| =|ki+q|>ke. For the state&,, to be on the tains~77 000 nucleons.
lattice of momentum states in the box, given thagre on The response functions indicated by cross marks in Figs.
the lattice, we must have 3 and 4 are for noninteracting nucleons in the periodic box. It
is clear that the box is large enough to well reproduce the
analytic result[19] indicated by a thick solid line. The
zeroth-order respong@lus marks is included to illustrate

IV. CHARGE CURRENT RESPONSE FUNCTIONS

2 R N o
g= T(nq,xx +NgY +Ng2), (28)
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i = FG (inf)
0.08 X FG (box)
ol i + FG & O™ (box)
- —— CHF
= 0.06 - - CTDA (dir & O
—_ g i — CTDA (d+e & O
g = 0.04F
e &
5 -
& 0.05|
0 A . | . | L |
0 10 20 30 40 50

® (MeV)

FIG. 2. Gamow-Teller response functions calculated for cold
SNM at p=p, using CTDA, v°BS and O¢'f at q=0.05, 0.10, 0.15,
0.20, 0.30, 0.40, and 0.50 frh The width of the Gaussian folding
function is 0.7 MeV.

R; (®, q)

that the use of the effective operator suppresses the response
by ~20-25 %.

Also shown in Figs. 3 and 4 are the response functions
calculated usingO®'f with various common assumptions
made regarding®'’. The CHF approximation, which is
equivalent to including only the diagonal matrix elements of , , L
vCBS s indicated by the dashed line. Results including only FIG. 3. Fermi response functions calculatedyat0.3 fni+ for
direct terms ofvCBSin the off-diagonal matrix elements of cold SNM atp=pg. The upper graph_;hoyvs the full response across
the CTDA are shown by the dotted line. The thin solid line !l Values ofw, the lower is a magnification of the smallregion.
shows the response usinﬁBSand the full CTDA equation. The thlpk solid line is the analytic result for an infinite non-
All three calculations indicate that interactions shift the'me'r"’mtmg FC[19] while the cross marks show the response ob-

. - .~ “tained using the finite periodic box. The zeroth-order response ob-
strength to highew when compared to the noninteracting tained by replacingd®e by O°' in the noninteracting FG is

FG. However,.t.he CHF response is almost twice as St,rong %dicated by the plus marks. The remaining lines are calculations
low w. Icrésad_dltlon, forRg, only the full CTDA calculation gjng geff and various approximations: dashed, CHF; dotted, in-
using v™=> gives a coherent state outside of theér con-  ¢j,ges only direct S off-diagonal matrix elements, and solid, full

tinuum, indicating that the exchange terms are not negligiblecTpA usingv©8S The curves show responses folded with a Gauss-
This is not the case fdRs1, where the exchange terms have jan of width 0.28 MeV.

little effect. The width of the coherent state in Figs. 3 and 4

indicates the width of the folding function used in these ﬁg':x,y,z in Eq. (20) are equivalent in the absence of tensor

ureﬁr.]e three GT responses correspondinartex v z [E forces. In this case it is most convenient to calculate the

(20)] are classified ag spin Iongitud?n@izz?land,){\;vo[sr?i.n response in one directiqrax:; for gxample. However, ex-
perimental and theoretical investigations of the isovector

trqnsverse(a:x,y), where the Qiregtion of define; theZ (p,n) reactions indicate an enhancement in the longitudinal
axis[10,20,23. The peak ofRst in Fig. 4 has contributions response[10,20,21 due to the one-pion exchange, tensor

from three states that lie just beyond guh continuum. The 40 raction. The spin longitudinal and spin transverse com-

one at rela_t|vely lower energy is from the longitudinal re'lponents of the axial-vector response functions can differ sig-
sponse while the other two are fro”? the transverse and ar%ficantly at larger values off and must be calculated sepa-
degeneratle. The.grognd state of uniform .FG b0, a.nd rately. We have chosen here to sum the components of the
conservation o8, implies that only states with,=0 contrib- ;-\ ectors and discuss thetal response. The differences
&R the sums of spin longitudinal and transverse responses will

Ebtallnedtﬁsmg adfl_nlttehbox are rtlot ?lg?ntstate:?[z?Fot[tgg(y qtje discussed in Sec. IX. A third of the pres&at, should be
ox 1engins used in the present caiculation at 1east 95% Qigaq 1o compare results with those of simpler models that
the strength of each resonance can be attributed to either th

i o ; o o ignore tensor forces.
spin longitudinal or spin transverse directions. éss in-
creased, the peaks are shifted into fix@ continuum and
distinguishable resonances disappear. V. NEUTRAL CURRENT RESPONSE FUNCTIONS
Calculations that assume a bare weak operator and
Skyrme-like effective interactions without tensor forces use a For the neutrino scattering processis; ve— N’ + v} (N
slightly different definition ofR,y. The three directionsg ~ =n or p), two transitions are possible: isospin chanyé
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= FG (inf) TABLE |. Parameters of)i’? atp=0.16 and 0.24 frTe.
0.25 i X FG (box)

= + FG & 0™ (box) P C, C, a
~ o2k —— CHF .
5: “[ * CTDA (dir & O™ 0.16 310.3 —-302.4 0.54
8 015k  — CTDA+e&0™ 0.24 3427 —356.0 0.50

5

a4

the exchange contribution is a constant, independent of the
relative momenta. Including exchange contributions from
v%(p) causes unphysically large corrections in the exchange
channel and we therefore assume wp) contributes only

to the direct matrix elements.

001 The contribution ofv®(p) to the energy of matter per
I nucleon is
0.04 o)
EAp) 1 i 6/ i
Z 003 A Z.EJ Gilvg(plij) (31)
=
©0.02 1 "
~ =5[Cl(£> +C2]p. (32)
Po
0.01

The parameter<,,C,, and « are chosen so that®BS
s 0! +v%p) reproduces the semiempiridalp) of Ref.[18] in the
0 5 10 15 20 (1/2-3/2p, range. The fitted parameters are given in Table
® (MeV) | at the two densities considered. Recall th&8Sis density
dependent because the correlation functions that defifie
are density dependent. The parameters{?t()ﬁ) therefore de-
pend on the density at whiahtBSis determined. However,
both sets fit the samE(p), and predict similar responses.
_ _ The contribution ofv%(p) to the energy of single-particle
=0 and 1. FoAT=1, only ther, terms of the neutral current 5 . ; L s .

. . statese?, is obtained by differentiating’(p)/V with respect
operators can contribute. For SNM, these can be trivially L : .

p, and the second derivative with respecptis the effec-

related to the charge current operators discussed in Sec. It.. . ;
ive interaction:

the AT=1 contribution toRy,=1/2(1-2 sirf 6,)°Rr and all
of Rya=1/2Rst. We do not include separate results for these

1 p a+l
S— — Loy
response functions. €= 2|:Cl(a + 2)Po< p()) +2Cp (33
For AT=0 transitions, the neutral current response func-

FIG. 4. Gamow-Teller response functions calculated gat
=0.3 fm* for cold SNM at p=p,. See caption of Fig. 3 for
notation.

tion is given by the isospin and spin independent operator of 11 o \@

Onv: Zi Sir? 6, €971 where=,€97i is the density operator. (MijlvSyliny = ——{Cl(a+ 2)(a+ 1)(—) + 2C2]
The total energyE(p), calculated in | using©®S minimizes V2 Po

at p> p, and matter is unstable to density fluctuations at the (34)

densities considered in this work. However, it is believed thatl.
matter is stable down to densitie<0.1 fmi 3 [18]. We there- e
fore add a correction to“BS meant to take into account the _0_'”':'\/ transmlo ns. AT=0 funct
neglected three-body forces and many-body cluster contribu- 0 SOef rl‘fl;tra _currenfj 3/'2 response yn<|::t_|on55 ?_?]
tions. This correction is chosen to reproduce the semiempir- o>~ ' ~ 10F' p=po an (3/2)pg are given in Fig. 5. The
ical E(p) in Ref. [18]. calculat_lons have been scaled by 1,000 for convenience. The
Hwatter is unstable gi=(1/2)p, and we have not included
résponse functions for this density. The dotted lines show
AT=0 Ryy for a non-interacting FG, the CTDA response
5 p\“ functions obtained using“BS+v%p) are shown as the
vij(p) =| C1 o0 +Co|lri=r)), (30 dashed line whe®?® is used and solid whe®®' is used.
0 The density response is pushed to largethough not as
to represent this correction. For finite range effective intermuch as theR: and Rgr. And the suppression due ©°'f
actions such as®BS the exchange contribution to the matrix depends sensitively on the system densitypApy,, there is
element of the Hamiltonian depends on the momentum diflittle suppression while atp=(3/2)py, the response is
ference between the hole statés,=k;—k;. When |k;| is  quenched by~25%.
large, the contribution of the exchange term to the effective The present treatment of the density response is less sat-
interaction is negligible. However, fa@tfunction interactions  isfactory than that of the other responses. HoweverAffie

he (mjlvd{in) is of the same order a@njlvSBSiny in AT

We use a density dependent zero-range central interactio
which is to be used only for direct matrix elements,

035801-6
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FIG. 5. Neutral current response functions XF=0 transitions
calculated atq=0.3 fni! for cold SNM at p=p, (upped and

(3/2)pg (lower). Dotted lines show the response for a noninteract-

ing FG. Response functions calculated in TDA usift§SandQbPare
are shown as dashed lines and the CTDA results @t by solid

lines. The curves show responses folded with a Gaussian of width

0.96 MeV forp=py and 1.2 MeV forp=(3/2)py.

=0 neutral current response gives a contribution only of or
der 10% to the total neutrino scattering cross section. The do
overall accuracy of the present calculation is also of ordergqq, ~ ETE_lq (1+cogp)Ry + (1 - codip)Ray

10%.

VI. NEUTRINO MEAN FREE PATHS

To evaluate the significance of these changes to the re- I
sponse functions, Weg calculate the NMFP foEJ low energ;/{Ne have made the substitutiod®
neutrino scattering and neutrino absorption processes in cold
SNM. For the low energy neutrino reactions considered, the :
Hamiltonian density is given by the Weinberg-Salam model©Ver all kine

G )
Hy = —EF f dPxei*e,, j4(x), (35)
v

where €M:E27M(1—y5)1,01 is the lepton current, the sub-

scripts 1,2 denote the incident and outgoing leptons, respe

tively, and q=p;,—p,. The nonrelativistic nuclear current,
j#=(j°,j), is defined as

0= (VeOyW)), (36)

PHYSICAL REVIEW C 70, 035801(2004)

j =(PE|OaP)). (37)

Gr=1.166x 10°° GeV 2. The cross section is obtained using
Fermi’s golden rule and averaging over initial and summing
over final spin states:

2
Gr 1

do
= dw+E —Ep)=——[pips+ pip5
(277)22': (w+ E F)ElEz[plpZ P1P2

d°p,

= Py P + e Ppipslifit (39)
where €7 is the antisymmetric tensor wité1>3=1.

We choose thez axis in the direction ofq, g*=(p;
-p2*=(w,0,0,9) and defineQ*=(p;+p)*=(2,Q,,0,Q).
Equation(38) then simplifies to

G?

do P
E = (277)2 E Sw+E - EF)[(l + 0919 jolo
2 F

1
2E,E,

+(1-codyp)j -j" + [Q%ix+ (2= )i

+QQulix, * jzj;ﬂ] : (39)
where, in then,=0 limit, the lepton scattering angle is given
by cos;,=(Ef+E5- )/ (2E,Ey).

Using the previous definitions of the response functions,
Eqgs.(19) and(20), and further defining a mixed component
response,

1
RAV,ij(qu) = ; 2 <(I)I|O§\UI|(I)F><(I)F|OE\UJ|(DI>
F

X 5((1) + El - EF)1 (40)

wherei andj are components of the axial-vector operator,
the cross section can be expressed in terms obstlgespace

GE,

1
e [QRava* (QF = 0P Ravzo+ ZQXQZRAV,XJ} :
12
(41

p.=E3 dE, d0=[(E,
—w)/E;]q dg dw d¢p and integrated ovedp.

The total cross section is obtained by integrating @4)
matically allowed values af andqg. The NMFP,
defined as\=(op)7?, is given in Figs. 6 and 7 for low energy
neutrino absorption and scattering, respectively.

The top graph of Fig. 6 shows the-tp, calculated for
neutrino absorption using CTDA with®BS and O°" (upper
curveg as well as thexgg for a noninteracting FGlower
curvey for the densitiesp=1/2, 1, and(3/2)p, (solid,
dashed, and dottgdFor the absorption process, bokhg
%’nd)\CTDA are dominated bfR;. It accounts for~75-80 %
of the total cross section of the CTDA and slightly more for
the FG. The ratio.ctpa/ Arg iS given in the bottom graph. At
the densities considered,ctpa IS ~2.5-3.5 times larger
than\gg.

035801-7



S. COWELL AND V. R. PANDHARIPANDE PHYSICAL REVIEW C70, 035801(2004

5 5
1 . .
0 — p=0.08 fm” 10 — p =0.16fm"
-- =016 -- =024
10* 10*
3 —~ 13
= 10 g 10
2
<10 < 10?
10" 10"
1 1 | 1 | 1 | 1 | J 1 1 | 1 | 1 | 1 | J
0 10 20 30 40 0 10 20 30 40
4 4
............................................ 3 “‘-~—_____________
o) S 2
<" <
~ ~
<2 <Qc2
= =
@] @]
< <
1 1
0 L | L | L | L | , 0 1 ] I | I ] I ] )
0 10 20 30 40 0 10 20 30 40
E, (MeV) E, (MeV)

FIG. 6. NMFP for absorptiony+n— e +p. The upper graph FIG. 7. NMFP f_or scatt_eringp+N—>v’+N’. The upper graph
shows\ for a noninteracting FQlower curves and the CTDA ~ ShowsA for a noninteracting FGlower curves and the CTDA
(upper curves The lower graph gives the ratio &fcrpa to Aeg. (upper curvep Th_e_ lower graph gives the ratio @fctpa tO Ngg.
The system densities arp=(1/2)p, (solid), p, (dasheg and  The System densities ape=po (solid) and(3/2)po (dashedt
(3/2)pg (dotted.

Figure 7 shows\ for neutrino scattering apb=1 and  p-h continuum. In diagonalizing the Hamiltonian, all but one
(3/2)po (solid and dashed lines, respectivelfis was found  of the excitation energies lie within the single-particle ener-
for the absorption procesacrpa is ~2.6-3.5 times larger gjes of the “unperturbed” or CHF states. These states con-
thanAgg. The suppression of neutrino scattering is similar t0yip e to the response in theh continuum. The state with
]Ehat for absorption because thd'=1 contribution accounts ooy hevond the continuum is the collective state and its
or ~90% of the total scattering cross section. In addition, 7

contribution to the response can be well represented by a

the NMFP for scattering is~2 times larger than that for .
absorption; the inverse of the scaling factor relating thedelta function,Re(q) §(w-wc(q). The energy.wc(q), and

dominant neutral and charge current axial-vector responsedrendth,Re(q), are linear ing when q=<0.2 fnr™. This is
[Rya=(1/2)Rg1l. The dominance of thaT=1 channel en- ilustrated in Fig. 8 wherewc(q) (top graph and Rs(q)
sures that errors associated with introducing the correetion (Middle graph for the Fermi responsB are plotted along
to the two-bodywCBSwill not significantly effect the NMFP, wlth linear fits at smalb. For RGT, the tensor force spl|t_s the _
providing that stability is ensured. single coherent resonance into two components, spin longi-
In calculatinghcps We have extrapolated to obtain the tud!nal anq spin transversg. The energies of _these s_tates re-
q=0.1 frr'! response functions. The side length of the boxMain outside of thg-h continuum, but hgve slightly dlﬁer-
used to model the infinite systemds./q. For small momen- €Nt values. Each component can be fit separately using a
tum transfers, the box size becomes large and the number g_plta f_unctlon where the strength and resonant energies are
basis states exceedsl0 000. A basis of this size is beyond lInearingatq<0.2 fmr. _
the capabilities of the standard desktop computer used in this AS 9—0, the response in the-h continuum[R(«,0)
work. For this reason in Figs. 6 and 7 we have not included™ Re(0) (= wc(@)]1— aR&E. (For Ry contributions of all
A for E,<5 MeV, which is completely determined by the the three resonant states are subtragtée coefficienta
extrapolated response functions. The contribution of theséan be determined by comparing the area [R(w,q)

low g response functions becomes negligible whEp —Rc(a)fw-wc(a))] to the area ofREE calculated using
=20 MeV. oPa® and the CHF single-particle energies. This ratio is

In the absence of tensor forces, the lqgwesponse can be shown in the bottom graph of Fig. 8 for the Fermi response
considered in two parts: a single collective state and the&vhere
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FIG. 8. Extrapolation parameters for logv-ermi response. See

text for description.

0.1

f [R(@,q) = Re(q) 8w ~ wc(a)) Jdw

0.2 0.213 0.4 0.5
q(fm )

a

The R&e can be calculated analytically; at smajlit de-

(42
J b (w,q)dw

PHYSICAL REVIEW C 70, 035801(2004)

TABLE II. Strengths of delta function interactions foP(m")
andvSKmy) at p=py.

Cy a C, v’ v? v
vSm") 1353.07 0.25 -1982.28 183.73 60.29 257.43
vSKmy) 795.55 0.36 -1271.10 269.03 145.59 342.73

(1/3)Ray and calculations must be carried out using &d).
However, for the low energy processés=0.5 fm?),
Rav™= Rav,zz~ (1/3)Ray, and Rayx,~0 and Acrpa calcu-
lated using Eq(44) differs by =<5% from that calculated
using the full expression for the cross section.

VII. SKYRME-LIKE APPROXIMATIONS OF  v&ff

Many recent calculations of NMFP have used a Skyrme-
like effective interaction of the form

VM= + v 7+ 070 o+ 7Te - oy ) (- T).
(45)

Only the direct contributions ofSK are used and the
strengths of the delta functions can be directly related to the
Landau parameterfl?]. It is instructive to compare the
NMFP obtained previously to that obtained by approximat-
ing v©BSwith this simple zero-range effective interaction. We
consider two cases: the strengths of ti¥ interaction are
fitted using an effective mass defined in the preceding sec-
tion, vSXm’); and the bare nucleon massvi¥(my).

To ensure stability, it is necessary to introduce a density
dependent central interaction of the form E80) such that
v°=v%p). Using the FG kinetic energy determined for each
mass, the parameters of are chosen such that the semi-
empiricalE(p) in Ref.[18] is reproduced. For each mass, the

pends only on the Landau effective mass. In CB theory thetrengths)”, v” andv?” are fit to reproduce the susceptibili-
effective mass mostly comes from the contribution of theties calculated in I. The strengths of the interactiomap,

exchange matrix elements ofBSto the single-particle en-
ergies. It depends upon the momentum and is defined as

m (k) fi2kdk®
The Landau effective massy =m'(k=kg) ~0.64my at p
=po with the presentv®BS This value is less than the stan-

dard value of~0.7my. However, we have not included the
momentum dependence of® nor =three-body contribu-

1 1d

(k). (43)

tions that are expected to increase our valuenaf

Calculations that neglect tensor forces and ass@é
use a simplified form of Eq4l). In the absence of tensor
forces Ray xx=Rav,zz=(1/3)Ray, andRay«,=0, and Eq.(41)

can be rewritten as

d(T _ GFZ: Ez

dgdw 27E;

——q[(l +c0s6 )Ry + (3 - cos&lz)éRAv].

(44)

are given in Table II.

Figure 9 compares the Ferrfupper graphand Gamow-
Teller (lower graph TDA response functions obtained using
vSK and 0°" and v°®BS and O°f" when q=0.3 fmi* and p
=po. For both the Fermi and GT weak operators the response
obtained usinguS(my) (dashed ling is dominated by a
single coherent state beyond théh continuum. The energy
of this state is significantly less than that obtained usiti¢p
(solid line). In contrast,R- calculated usingSK(m") (dotted
line) extends to energy transfers similar to those ofth&S
calculation. However, at largg, the Landau effective mass
approximation is no longer valid and differences between
responses calculated with*®S and vS(m") increase. The
NMFP is most sensitive to the low region. In this region,
vS(m") is a good approximation to the response obtained
usingv®BS Similar results are obtained f&®gr.

In comparingy“BSresponse functions of Fig. 9 to those of
Figs. 3 and 4, the heights of the resonant peaks are signifi-
cantly different. This is due to the difference in the width of

When tensor forces are included the spin longitudinal andhe folding function used in each calculation. The Skyrme
spin transverse responses can be considerably different frooalculations contain fewer basis states requiring a larger
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FIG. 9. Fermi(uppey and Gamow-Telleflower) response func-
tions calculated usingS{(m") (dotted, vSK(my) (dasheq, andy©BS FIG. 11. NMFP for neutrino absorptiofuppey and neutrino
(solid) at g=0.3 fnT* for cold SNM atp=p,. All responses have scattering(lower). Shown*is the ratio ofhgy/\cTpa Calculated in
been calculated using the TDA a@i'". The curves show responses TDA using O°'" andvSK(m") (solid), v5(my) (dasheqi The dotted
folded with a Gaussian of width 1.1 MeV. line shows the ratio calculated using“(m") and OPa',

width to smooth the delta functions. This does not effect the

calculation of physical parameters such as NMFP. that this response has been multiplied by 1000. The structure

~ The neutral vector response for te=0 transition is o the response is significantly different for each effective
given in Fig. 10 for the three effective interactions. The re-jnieraction. However, the\T=0 contribution to the cross

. S S *
sponsC%Scalcglated with>(my) (ijashed, U_K(m) (gotteq, section is<10% and these differences will have little effect
andv™"> (solid) are shown forp=p, andg=0.3 fr". Note on the NMFP. The response functions for th&=1 transi-

1— tion are related to the charge current response functions in
| " Fig. 9 (see Sec. Yand are not shown separately.
0k P The ratio of the NMFP obtained usingX to those of Sec.

= N VI at p=p, are shown in Fig. 1Dg(m)/Acrpa (solid ling)

g T i \ and Ag(my)/Acpa (dashed ling The top graph compares
706 / \ Its for th ino absorpti he lower f -
uj p ! results for the neutrino absorption process, the lower for neu
S ot / RUPTUR\ S trino scattering. For both processes, the NMFP calculated
Z /, Lt tre., . S kN s s .

04 /Ay using vSKm") is in good agreement with the results of the

s ’ . ) . . . . .

S f A ! . previous section. However, usingX(my) underestimates the

02l Lf H NMFP by ~25%. Assuming a suitable effective mass, the

L I/;’ \ . zero range approximation is a fair representation Gt for
0 ’ , | , \ — el , these low energy calculations.
0 10 ° (Me\zl()) 30 Figure 11 also shows results obtained usiim’) and

oPa'¢, The ratio with respect thcrpa is Shown by the dotted
FIG. 10. AT=0 neutral current response functions obtained usline. It is ~25% less than the NMFP obtained wheh is

ing vSKM’) (dotted, vSX(my) (dashed, and vCBS (solid) at q  used. This calculation is indicative of many current ap-

=0.3 fi! for cold SNM atp=p,. All responses have been calcu- proaches and shows that calculations using an effective in-

lated usingO®ff and the TDA. The curves show responses foldedteraction and a bare weak operator may overestimate the

with a Gaussian of width 1.1 MeV. neutrino cross sections.
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VIlIl. RANDOM PHASE APPROXIMATION 0015 , 0.015
. . o Fog=01fm” | =02 fm"
The usual progression from the simple TDA calculation is g0 | d " '.": 001 4 " "
to allow for 2p-2h excitations in the ground state and employ & ! L !
RPA. In the context of CBT, this procedure is not simple. An =005 ! 0,005 :
inherent complication of CBT is the nonorthogonality of the . L ’_
correlated wave functions. In the basis of uncorrelated state: 08 - T L o=t i o i
the ground state wave function of the RPA can be written as  ;,, 0015
_ T q=03fm" [ q=04fm"
|[Pren = a0l Do) + 2 @p o Pppnny) + - (46) % oal T oorl 4704
. . . \
The analogou$¥rpp in correlated basis can be considered % i /' | i e
as g 0.005— J\ 0.005 |- ~f/\\“\
L P \ L , \
|\PRPA> = a0|‘~]§'0> + E aplpzhlhz|wplpzh1h2> +-o0, (47) % 0 2|o 30 % 0 zlo ' 3|0 %0
o (MeV) o (MeV)
where

_ Ft _ FIG. 12. Fermi response functions calculated using R#Aid)
|\Pp1p2hlh2> - (SHFiJ)apzaplahlahz|q)0> - (SHFij)|q)p1p2hlh2>' and TDA (dashegl with Oﬁ” andvSKm") for g=0.1-0.4 fm* and

(48  P=ro

However, (Wo| W, p,n,n,) #0 and orthogonality corrections _q 3 gt i the tensor correlations are set to zemyT

must be included. These corrections have been considered by1 oo suggesting that all of the quenching is due to tensor

Krotscheck[22] for simple Jastrow correlations using the o relations. Similar behavior is found f@e". The RPA

correlated random phase approximat@RPA). using vS"(m") does not introduce tensor correlations since
Our objective here is to estimate the size of the RPA cor- sk

. o _ v>" has no tensor force. However, it generates long range
rections. We therefore us€(mv) discussed in the preced- ¢ in-isospin correlations in matter via tb&€< Therefore it

ing section to calculate the response functions using RPA an bpears that the CB®' should be used in RPA calculations

determine the NMFP for neutrinq absorptign. The differenceyiiy, Skyrme-type effective interactions, and that CRPA cal-
between TDA and RPA results with th&€"(m’) should be of . jations may give~25% longer NMFP than the present
the order of that between CTDA and CRPA. CTDA.

In RPA, the final state wave functiof), is given by

|De) = (2 Xini 885 = 2 Vi aiTam>|q>RPA>- (49 IX. SUM RULES
mi mi
. . . L . A. Static structure functions and energy weighted sum rules
The excited states are obtained by diagonalizing the Hamil- N ) o
tonian in this J-1h basis. The resulting RPA matrix In addition to the p-h, there are multp-h excitations that
contribute to the response functions and therefore to the
A B \(X)_ (X NMFP. So far we have neglected these contributions. We can
. . —w (50) . . . ;
-B" -A"/\Y Y estimate the importance of these contributions by calculating

) . . . sum rules. The static structure function
is non-Hermitian with elements defined by

A= (€n= €)8; Omn+ (MjlvSNin), (51) on2p

01 g=0.1fm"  f I 9=0.2fm™
0.08-

B = (mnv>Kij). (52) s

)
\
i
We again model the infinite system in a box with periodic 5[ V| onf M\
boundary conditions containing40 000 nucleons. i i\ o0l A
Figures 12 and 13 compaRe andRst atp=p, calculated 0 : : N T .

using vSKm’) and O°'f in the RPA(solid line) and TDA ot ’ S S S
(dashed ling Each figure shows the responseagatalues [

Ry; (@.4)

0.1 -1 0.1 -1

typical for the low energy processes considered. The RPAT 0,08'_q=0'3 fm 008l q=04fm
response functions are generally smaller than the TDA. TheE ;[ 0.06 - R
reduction of the response functions carries directly into the & o[- /"\ ool i
NMFP shown in Fig. 14. The\gps/Arg (lower graph is 002l A ol A
~3.6 atp=po. ol L LN N -1 .

In combining RPA withO*'" defined by CBT, we tacitly ey T ameny
assume that effects of ground state correlations included in
the RPA are not already accounted for in tB&'". In the FIG. 13. Gamow-Teller response functions calculated using
present correlated basis, t@8'" is dominated by tensor cor- RPA (solid) and TDA (dasheg with OE and vSKm") for q
relations. Recall that the quenching factggr=0.77 forq  =0.1-0.4 fm* and p=p.
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FIG. 14. NMFP for absorption calculated using<(m") and
0% in RPA (solid), TDA (dashed and noninteracting F&lotted
for cold SNM atp=p,. The lower graph gives the ratio aff \rg.

1
Sa) = f > (Welow V) ?8(w + E, - Ep)dw,  (53)
F

1
= A (TIOWOW ), (54)

and the energy weighted sum

1
W= [ v oMo+ € - Eo do,
F

(55)

1
:Z\w.l[osv,[H.ow]]W.% (56)

are calculated using the variational ground s(aAt&S) ob-

PHYSICAL REVIEW C70, 035801(2004

FIG. 15. S:(g) (upped andWr(qg) (lower) for the Fermi opera-
tor. Results are shown for a noninteracting Fd&shed ling for
integrals of the CTDAR:(w,q) (star§ and for the VGS using Egs.
(54) and (56).

However, §°9q) (solid line) is nonzero ag=0, indicating
the error due to approximations in the FHNC-SOC calcula-
tion. For the bare weak operato&, 2(q) =S"¢(q) given by
the dashed lineSE™A(q) calculated from the CTDA with
0°fand shown by the stars is20% less than th&’®Yq). If
we consider g=0.2 fmr?, for example, $¢°=0.07 and
S™PA=0.05, showing that thepth contribution to the static
structure function is dominant. However the mugdth con-
tribution, S,,,=0.02, is not negligible.

We can approximate the average energy of the nmulti-
response usingVg=(q). Consider againg=0.2 frr? where
WYCS=1.15 MeV. For the f-h contribution, WETPA
=0.70 MeV and we findV,,,,=~0.45 MeV. The average en-
ergy of the multip-h response is

W,
Enon~ —2"=23 MeV, (57)
s,

tained in the FHNC-SOC calculatiorj40,11 and also by ph

direct integration of the CTDA response functions describeq,nere

in Sec. IV. The sums calculated using VGS include both

1p-h and multi p-h contributions, while the CTDA with WETPA

O°¢ff1b contains only the contributions ofpih correlated Eapn =~ @

basis states. The mulgi-h sums are then given b,

~ S/CS-SCTPA and Wi pr= WYES-WETPA Though the contribution of the mulp-h processes are not
The static structure function and energy weighted sum fonegligible, the average energy of the myith response is

the Fermi response5:(q) (upped and W:(q) (lower), are  much higher than that of thepih response. The NMFP is

shown in Fig. 15. Charge conservation requige@=0)=0.  most sensitive to the response at low energy transfers where

=14 MeV. (58)
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1 .
S(@= J > [(PE@ - Ot )28 + E, - Ep)do,
F

N (59)
@ L
5 0 ! ; 2
w 03 Si(@) = 51 | 2 KWeld X Oar WP a(w + - Er)dw.
E F
N , (60)
0.1 ¥ .
i /,.gll'é | | | | For the CTDA, these are simply
00 0.1 0.2 0.3 0.4 0.5
%0 S(@= f R.do, (61)

60/ ST(q):f Rudw, (62

35 a0k where the response functioRs, andR,, are defined by Eq.
40).
= r ( %he energy weighted sums are given by
20— 1
i %* alg_’_" ———— Wi(g) = ;J E [(Pelq - OGT|q’|>|25(w +E - Ef)o do,
0%—*&—*‘*”*—1—1 | ) F
0 0.1 0.2 0.3 0.4 0.5 (63

q (fm™)

_1 - 2
FIG. 16. S51(q) (uppeh andWgr(q) (lowe for the GT operator. Wi(q) = ﬁj EF [(We[G X OgrWi)|*d(w + E| - Ep)w do.
See caption of Fig. 15 for notation. 64
4

the multip-h contribution is not expected to be significant. Figures 17 and 18 show the spin longitudir@ipper
Similar results are obtained for th@sr sums shown in  graph and spin transversgower graph sums obtained from
Fig. 16. Note thaB{$q) (solid line) is large atq=0 as the  the VGS(solid line) and CTDA responseéstarg. We include
spin density is not conserved when tensor forces are infor reference in Fig. 175 ¢(q)=S:°(q) calculated for a non-
cluded. The static structure function again indicates that thénteracting FG(dotted ling.
multi-p-h contribution is not negligible. However, the aver-  |n the longitudinal direction,S\L’GS(q) is significantly
age energy of the mulp-h response is significantly higher |arger than thes (q). It is nonzero ag=0 and has a peak
than that of the f-h response. value of ~1.2 atq~ 1.5 fmt. However, the p-h S°4q)

It is commonly argued that RPA is the better method forig smaller than the FG sum at small Wheng=0.5 fm,
obtaining reaction rates because the energy weighted sums gfT0A 4q\iates significantly from the FG sum and more

the response functions satisY)_yRPA(q):qZ/Zm. This value  (josely matches/®q). In this region, the fi-h contribu-
of the energy weighted sum is correct only when the INter3i0ns are dominant. In principle the sum of thg-f response

action operaton;; commutes with the perturbation operator must be smaller than that of the total. The preﬁﬁDA
O(q). However, the weak operators do not commute with thenowever exceeds/®Snearq~ 1.3 fnL by ~20% indica{-

nuclear forces, and the energy weighted sums calculated Ugsg that the CTDA longitudinal response may be too large.
ing VGS and realistic nuclear forces via E¢6) clearly In the transverse casS}’GS(q) differs significantly from

show thatWe(q) andWe+(q) >q*/2m (Figs. 15 and 1p the FG sum only at smatf, where it is finite atq=0. The
sum of Jp-h contributions SF"°X(q) is less than botl$/°Yq)
B. Spin transverse and spin longitudinal sum rules and S;°(q) at all values ofg.
P P o The energy weighted sunvs)’$>andWSTP* are shown in

There are experimental and theoretical indications that th€ig. 18. They indicate that the mujt-h contributions to
spin longitudinal and spin transverse response functions capoth longitudinal and transverse responses have larger aver-
differ significantly due to tensor forces. To illustrate this age energies than thg-<h contributions.
point we calculate the spin longitudinal and spin transverse These sums have been previously calculated using an
static structure functions and energy weighted sum©{gf  older variational ground state also obtained with FHNC-SOC
using VGS and by direct integration of the CTDA responsemethods[10]. The present results do not differ significantly
functions calculated usin@®'". We assume along thezaxis ~ from those previously published for large valuesgoHow-
and define the static structure functions as ever, the range of integration was not long enough in the
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FIG. 17. Spin longitudinal{uppe) and spin transverse compo- FIG. 18. Spin longitudinaluppe) and spin transverse compo-
nents of the GT static structure functions calculated using VGSients of the GT energy weighted sums calculated using {4881
(solid), CTDA (cross markg and noninteracting F@&otted. and CTDA(cross marks

. ) to N\ obtained for a noninteracting FG. Similar results are
calculations of Ref[10] to give accurate results at small seen for neutrino scattering at matter densitigs

values ofg. At q=<0.25 fni'%, the present calculation is more -1 (312)pp.

accurate, and replaces the previous results. Using the Landau effective mass obtained from the
single-particle energy calculated using®S, the low energy
NMFP can be adequately reproduced using a zero-range
Skyrme-like effective interactionpyS(m") and O°'f. The

We have calculated the response of cold SNM to wealS"(m") is chosen to reproduce the spin, isospin and spin-
probes using two-body effective interactions and one-bodysospin susceptibilities of SNM and the equation of state.
effective weak operators. These were obtained consistentljhough the responses calculated frofS and vS(m’) do
from realistic nuclear forces using CBT. The infinite systemnot agree in detail, the predicted NMFP are nearly the same.
has been modeled using a box with periodic boundary conMany current approaches use a Skyrme-like effective inter-
ditions. Using a basis of correlategp-ILh excitations, i.e., action and bare weak operators. The present calculations in-
the correlated TDA, the response for both neutral and chargelicate that these may overestimate the neutrino cross sec-
weak operators have been calculated. tions.

For both charge and neutral weak operators the response We also examine the need to extend the current calcula-
is pushed to larger energies when compared to the respongien to include RPA corrections. UsingX(m") the response
of a noninteracting FG. The effective operators suppress thfinctions have been calculated using standard RPA methods.
response by 20—25 % relative to calculations using bare ogFor the low energy processes of interkgb, for p=p, was
erators in most cases. However, for the density or isospin angicreased by~25% relative tontpp. The NMFP obtained
spin independent term @, the suppression depends sen-usingv8Sand 0% in RPA including the necessary orthogo-
sitively on the density of the system. The effective operatomality corrections may be-3 to 4\ in the 1/2 to(3/2)p,
has little effect whenp=p,, but suppresses the “bare” re- density region.
sponse by~20% for p=(3/2)p,. Though the p-1h response functions calculated here are

Using the response functions obtained in CTDA, thethe dominant contributions to the one-body neutrino pro-
NMFP for low energy neutrino scattering and absorption incesses considered, there are higher-body terms that can con-
SNM have been calculated. For neutrino absorption in mattefripute via the many-body terms i@°'". The importance of
at densitiesp:%,l,%po, \ is enhanced by-2.5—-3.5 relative  these terms has been estimated using the static structure

X. CONCLUSIONS
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function and energy weighted sum. These were calculatethe present methods can be easily adapted to handle the tem-
using the VGS obtained using FHNC-SOC methods and byerature and proton fraction dependence needed in calculat-
direct integration of the CTDA response functions. The sumsng neutrino rates for modern supernovae and neutron star
indicate that though the mulg-h response is not negligible, simulations. In addition, the present cold SNM calculations
the average energy of their response is much larger than thptovide tests of some of the approximations used to study
of the 1p-1h response. For low energy neutrinos, the NMFPweak interactions in hot asymmetric matter.
in SNM is dominated by the response at low energy trans-
L?frisc:ai?d the contributions of the mufith may not be sig- ACKNOWLEDGMENTS
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