PHYSICAL REVIEW D VOLUME 56, NUMBER 12 15 DECEMBER 1997

lon screening effects and stellar collapse

S. W. Bruenn
Department of Physics, Florida Atlantic University, Boca Raton, Florida 33431-0991

A. Mezzacappa
Theoretical and Computational Physics Group, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6354
(Received 16 May 1997

During the collapse of a massive star’s stellar core Coulomb effects maintain the ions in a highly correlated
state. This has an important consequence: Neutrino-nucleus elastic scattering, which dominates the neutrino
opacity, is substantially reduced for low-energy neutrinos. This results from phase interference effects that
occur when the neutrino wavelength becomes larger than the interion spacing, and is analogous to a crystal
becoming transparent to x rays when the change in wave number from scattering is smaller than the reciprocal
lattice spacing. This reduction in the neutrino-nucleus elastic scattering cross section, referred to as “ion
screening,” has been calculated most recently by Horowitz. Using his correction, we investigate its effect on
stellar core collapse. Our numerical results show thadownscattering with electrons is sufficiently rapid to
fill the low-energy neutrino window created by ion screening, but the window width is insufficient for ion
screening to have a significant effect on core deleptonization. In particular, inclusion of ion screening lowers
the trapped lepton fraction by only 0.015 in both ouML5 and a 281, models. We confirm this with an
analytic model that elucidates ion screening’s essential effect. For the sake of comparison, we also investigate
the effect on core deleptonization of turning neutrino-nucleus elastic scattering off completely, and of turning
off all semileptonic neutral-current neutrino scattering. These latter neutrino opacity modifications have sub-
stantially greater effects on core deleptonization than the ion-screening corr¢S0&56-282197)06922-1

PACS numbdrs): 97.60.Bw, 13.15+g

[. INTRODUCTION dance distribution of the constituent electrons, protons, neu-
trons, nuclei, etc.

The destabilization and collapse of the core of an evolved As a result of the steady decrease in the core entropy
massive star initiates a complex and incompletely understooduring its thermonuclear evolutid8], it is relatively cold at
chain of events that leads in some cases to the violent expuflestabilization—the dimensionless entropy per barysn,
sion of its mantle and envelope in a supernova explosion=S/ngk, is of order unity.(S andng are the entropy and
and the rapid evolution of the remnant core to a neutron staparyon number per unit volume, respectively, dnds the
or a black hole(see Bethd1] for a review, and Bruenf2], Boltzmann constantThis has the consequence that most of
Herantet al.[3], Burrows, Hayes, and FryxgW], Janka and the core materi.al is in the form of heavy nuclei. The presence
Muiller [5], and Mezzacappet al. [6] for more recent sum- ©f heéavy nuclei and the dearth of free nucleons results in the

marie3. The outwardly propagating shock“bounce isoenergetic coherent scatteringigfs on nuclei(NAS) be-

shock”) launched at core rebound and perhaps rejuvenateiﬁ‘g the dominant neutrino opacity source, exceeding the next
nost important sourcefs/.-neutron andve-electron elastic

during a reheating episode ultimately generates the expldn , .
sion, if one occurs. However, the strength of the shock a catteringNES)] by between one and two orders of magni-

. tude. (An exception to this occurs at low, energies and
formation, and therefore much of the postshock core Stru.chigh densities, where NE®eutrino-electron scatteringan

turg anq dynam|'cs, 1S governgq by the.core hydrodynamchecome comparable to NA&eutrino-nucleus isoenergetic
dur_m_g mfal_l, which is a sensitive function of the pressurescattering because of the high rate of, “in” scattering
deficit [7], i.e., the d|ffe_rence between the aCtF’?" Pressurgrom higher energies. See belgwlable | summarizes the
and the pressure required for hydrostatic equilibrium. Beyg|ative magnitudes of the dominant opacity sources for most
cause the pressure during infall is dominated by lepterss,  conditions during core infall. The expressions for the inverse
electrons, and to a lesser extents) until nuclear matter ean free paths are taken from Bruef@i, except for
densities are reached, the pressure deficit is determined de—electron scattering, which is taken from Tubbs and
the evolution of the lepton sea, viZl) the conversion dur-  Schramm[10]. The ratios are calculated using thermody-
ing infall of the lepton sea from an initial composition of namic conditiongs=1.2, Y,=0.33 typical of the infalling
pure electrons to an equilibrium mixture of electrons andcore material atp=10gcm 3. (We mention thatv,’s,
V'S, and(2) the loss of leptons from the core by the escapey,,’s, V—M's, v,’s, andv,’s are suppressed during infall, and
of v¢'s (“deleptonization”). While the former is generic to only appear after the matter in the outer core has been sub-
core collapse, the latter is a function of the neutrino opacistantially heated by the bounce shddd,12,9.)

ties, or more specifically, the neutrino interaction cross sec- The largev, opacity provided by NAS has a profound
tions on the various constituents of the core material, and affect on the evolution of the infalling core. At densities of
function of the equation of state, which determines the abunabout 16? g cm 3, the v, mean free paths become short in
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TABLE |. Comparison of inverse mean free paths.

Inverse mean free path ratios are compuyied for

=102 gem 3 s=1.2, andY,=0.33. ¢is the neutrino energiMeV). G2 is the effective weak interac-

tion constant, which is equal to 5.%¥80™** MeV 2 cn?.

sir? 6,=0.23(6,y is the Weinberg angle gy is

the vector coupling constant, which is equal tal,is the axial vector coupling constant, which is equal to
1.21. n; is the number density of particles of typén, neutrons;p, protons; He, helium nucled, heavy
nuclei; e, electrons E, is the electron energyk(E.) electron occupancy.Eg is the electron Fermi

energy.
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comparison with the core scale heid®i, effectively trap- infall results from this application of the superposition prin-
ping the v,'s in the core for the remainder of core infall ciple.

[13-16. This limits the drop in the lepton fractiovy (num- If 08+A is the cross section that results when the ampli-
ber of leptons per barygrirom its initial value~0.46, char- tudes for scattering from the constituent nucleons of a
acteristic of iron, to~0.33[9]. A value ~0.18 would result nucleus are simply added up in phase, several important cor-
without the opacity contributions from neutral currents, and arections must be taken into account. They may be considered
value ~0.02 would obtain if the core contrived to remain in the static limit, i.e., the limit of zero neutrino-energy trans-
transparent tav,'s throughout its collapse. Also limited by fer to the nuclei(see the Appendix for detajls|Becausee

the small extent of core deleptonization is the inevitable gen<Mnu&? (€ is the v, energy andVi . is the nuclear mags
eration of entropy that accompanies core deleptonizatiorfh€ energy transfer between tirg and the nucleus is very
The entropy generation arises from the steep energy depeﬁmal_l.] Th_e first correctio_n arises when t_he correct phase
dence of both the electron capture rates and the neutriniglationships of the amplitudes for scattering from the con-
opacities, which favor the capture of high-energy electronStituent _nucleons in fche_nucleus are taken into account, and
and the escape from the core of low-enengys, with the Eesults in a mquphcatyveHcorr‘fecuon referred to zis the
energy difference heating the matter. The result: The Corﬁnuclear s_tructure fl_mt_:'uon or _nuclear fprm factor_. At
remains relatively cold during infall, and nuclei persist until igh neutrino energiedi.e., neutrino energies for which,

they merge to form nuclear matter at a transition density< Rouc, Where, and Ry, are theve wavelength and the

py~ 101 g cm-3 (Betheet al. [17]). The consistency of this nuclear radius, respectivelythe nuclear form factor reduces

scenario for core infall is assured by the continued presenc@»+A Substantially belows}, , because of destructive inter-
of nuclei, which guarantees that NAS remains the dominan{erence[l?,lq,lg,zm This correction has been routinely ap-
ve oOpacity source, and therefore that the opacity remain®/i€d 10, 5 in supernova simulations. We will refer to the
high. Nf\S cross section incorporating the nuclear form factor as
Because NAS involves, scattering from constituents 9,+a-
(nucleon with no change in the nucleon quantum states, the The second correction te, , has not been routinely
superposition principle applies, viz., the resulting amplitudeapplied in supernova simulations, and arises when the sum-
is a sum over constituent amplitudé¥. the nucleon quan- mation over amplitudes is extended to other nu¢iens).
tum states are not changed, scattering on one nucleon is ifhis again results in a multiplicative correction, which is
distinguishable from scattering on another, and according téeferred to as the “liquid structure function” or the “ion-ion
basic quantum mechanics, the amplitudes for the two possstructure function.” When the positions of the ions are cor-
bilities add and interfereWhen these constituent amplitudes related(in the T—0 limit, they arrange themselves in a lat-
are all in phase, the cross section, which goes as the squaiee), the ion-ion structure function reduces,, , substan-
of the amplitude, becomes lar§e8]. The magnitude of the tially below ¢, , at low neutrino energiesi.e., neutrino
NAS cross sectiong,, 5, and its dominance during core energies for which\,>a, wherea is the interion spacing
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FIG. 1. The quantitf’, defined in the text, at the core center for models S15s7b and S25s7b, as a function of the core-center density
during infall; theT" core profile when the core center reache¥ tocm 3,

again because of destructive interference of the constituemtner core, withp<py; this layer is initially composed of

amplitudes—the constituent amplitudes in this case being theeavy nuclei, but is soon compressed by core contraction,

scattering amplitudes from each ion. _ ~ and undergoes the transition to nuclear matter. Hence, NAS,
The ion-ion structure function in the static approximation ang the jon-ion structure function correction, play an essen-

. . T 7 1

is a function ofq=p,—p,, wherep, andp, are the final 3| role in the evolution of the core only during infall.

and initial neutrino momenta, respectively. We will denote Shortly after Freedmafil8] pointed out the coherent as-

the ion-ion strugture function 1mu|t|ply|ng the differential pect of NAS and its potential importance to the supernova

cross sectiordo, , o/dQ) (or do,, 2/dQ2) by Sion(Q). EX- proplem, Itoh[21] cautioned that ion-ion correlations should

tracting the angular variables froj,,(q) and performing e sirong in the supernova core and that the ion-ion structure
the angular integrations leaves a corresponding ion-ion cor,

: ltiolvingo® 1 hat d q h function will be an important correction to', ,. He sug-
[ﬁﬁgogng:;pmi%ﬁ”&é \(/siTI(gVem))t(te t?;[( Sep(er;fﬁ?ete?f:;u' gested that the Debye-ldkel approximation to the Monte
€ ion} €) /- Carlo results of Hansef22] be used forS,,(q), which is
of the ion-ion correctiodSiy(€)) on the deleptonization and 2] ion( ),

. L . : ._valid for low neutrino energietspecifically, forqa/z<1.5,
hydrodynamics of the core during infall is the subject of th|sWhereq is the magnitude gf thef) neutring mor?1entum trans-
paper.

The dimensionless parametEr which characterizes the fer). The angular integrations are easily performed to obtain

strength of the ion-ion correlation, is the ratio of the un-<S‘°“(6)>' Unfortunately, the restrictioga/zi< 1.5 is not sat-

shielded electrostatic potential energy between two nei hi_sfied during core collapse. More recently, Ichimaru, ly-
S P =Ty 9%tomi, and Tanuk@23] have provided tabulations &,,(q)
boring ions to the thermal energy, i.e.,

that can be inserted in angular integrations to obtain

(Ze)? 1 (Sion(€))-
= kT (1) The effect on the evolution of the core during infall of
including (Sion(€)) in o, 4 was first discussed briefly by
wherea is the mean interion distance given by Bowers and Wilson[12]. They found that including
(Sion(€)) greatly increases the core deleptonization. How-
(4) -13 ever, their equation of state at that time did not give the
=73 Mion ' (2)  correct nuclear abundance distributif?24]; consequently,

the accuracy of this result is not clear. The effect of including
andny,, is the number density of ions, all assumed to have(Sion(€)) was again briefly discussed by Bruefi®], who
the same chargg. A glance at Fig. 1 shows that the typical used an expression constructed from Ichimaral’'s data.
value ofI" for a massive stellar core during infall is between Figure 4 in Bruenr{2] presents a comparison of the results
20 and 40, suggesting that the ions are highly correlated anef core infall calculations with and without the inclusion of
that the ion-ion structure function correction may be impor-(Sion(€)), and indicates that the inclusion @f;,,(€)) leads
tant. After core bounce and initial shock propagation, thefo a modest increase in the deleptonization of the core
situation changes. The bulk of the inner unshocked core is atA\Y,=—0.02, whereAY, is the difference between the
densities exceeding, , the nuclear matter transition density, trappedY, with and without the inclusion ofSj,n(€))]. Re-
and is composed of nuclear matter with-0.1.(The ions in ~ cently Horowitz [25] introduced a fitting formula for
this case are the individual protopghe outer shocked core (Sion(€)) based on his Monte Carlo calculations. Apparently
is composed of hot nucleons wilh~0.01. At most a very unaware of the comparison given in Bruejfj, he argued
thin cold layer of material remains at the outer edge of thehat the substantial reduction it , for low-energy neutri-
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nos effected bySi(€)) would lead to a catastrophic delep- ~ TABLE Il Precollapse models. peeneris the central density.
tonization of the core during infall because higher-energyseenteriS the central dimensionless entropy per nucleote ceneris
ve’s would downscatter by NES into a low-energy, the central elec_:tron fraction.M . is the mass of the “iron” core
ve-transparent “window” byv,-electron scattering, and then (- Ye @ppreciably less than 0.5
freely escape. -
Banusepthe effect on core infall of incorporating the fac-Model Peenter(@CM%)  Scorter Yo cemer  Mre (Mo)
tor (Sin(€)) in o, o has been discussed only briefly in the s15s7b 9.0% 10° 0.779  0.4224 1.287
literature (viz., Bowers and Wilsor{12], Bruenn[2]), the = s25s7b 3.1310° 0.993 0.4300 1.785
purpose of this paper is to address this issue in detail. Both
for the sake of comparison and to better understand the role
of coherent scattering and of all semileptonic neutral-currenbegin with a list in Table IV of the standard neutrino inter-
scattering processes in core collapse, we present the resulistions included in our supernova code. Simulations A incor-
that obtain if NAS is turned off completely, and the resultsporate all of these neutrino interactions and can be regarded
that obtain if all semileptonic neutral-current scattering pro-as “standard” simulationsvithout the ion screening correc-
cesses are turned off. In Sec. Il we present comparisons @bn factor(Si,n(€)) multiplying 0-11/+A' Simulations B can be
core infall results with and without the inclusion @,n(€))  regarded as “standard” simulationsith the ion screening
in o}, as computed by Horowitf25], and with other factor included; therefore a comparison of simulations A and
modifications to the neutrino scattering rates. In Sec. 11l weB for a given precollapse model will show the effects on core
present a simple analytic model that reproduces the numerinfall of including the ion screening correctid®y,(€)). In
cal results of Sec. Ill, and illustrates why the inclusion of simulations C, we have included the inelasté scattering
(Sion(€)) in o, , does not result in catastrophic core delep-cross sections computed by Haxton and described in Bruenn
tonization. Our conclusions are given in Sec. IV. In the Ap-and Haxton[26]. If the effect of (Si,,(€)) is to create a
pendix, we present a derivation of the NAS rate used in outow-energy hole in the neutrino distribution, inelastieA
supernova code, which elucidates the origin of both thescattering will help to scatter,’s into this hole during infall,
nuclear form factor and the ion-ion structure functionwith potentially important consequences for core delepton-
(Sion(€)). ization. The effect of(Sn(€)) is to reduces’, , at low
neutrino energies, and simulations D show the consequences
Il. NUMERICAL SIMULATIONS of settingai+A to zero altogether. Finally, all semileptonic
neutral-current neutrino interactions are set to zero in simu-
“lations E, almost taking us back to Colgate and WhH&a]
before neutral-current effects were incorporated in supernova

To determine the effect on the infalling core’s delepton
ization of incorporating the ion-ion structure function

(Son(€)) in . o, We have performed a number of numeri- simulations.(Neutral-current effects give only a slight modi-
cal simulations with and withouSion(€)), and with other  eation to the pure lepton interactions, suchies™ scatter-
modifications to the neutrino opacities. The latter were iNing, which is why in simulations E we are not taken back
cluded to further elucidate the role of important neUtrinocompletely to Colgate and Whif@3].)
opacities in core deleptonization. The simulatipns were per- 1. effect of including(Soq(€)) in 0-1];+A is to dramati-
]:)nrg]%druvevgz g‘n% SHUZStrcT[?ZVS (EI(')I'?: Iij:tfiﬁrzlgfgv&re]si/ruft?l];a- cally reduceo, , at low neutrino energies. This is shown in

) Fig. 2, where, for selected central densities of simulations B,

tion of state[27] was used when the following two condi- (Sion(€)) at the core center is given as a function of neutrino
tions were satisfied locally(l) ng>10 8 fm=3 (p>1.67 ion\ € givenasa
energy.(Sion(€)) causes a reduction ior,, , at the lowest

X 107 - h is th density of nucleons . .
(fr eg agngrg OSL)"’,])\;;/) eerr;:]gi CISFLrem?uargzze)rTizs;{og K ie neutrino energy4 MeV) of almost an order of magnitude for
’ "t0 be iP=10"gcm ™ to well over two orders of magnitude for

when the temperature is high enough for matter to be id tios b Hand 164 3

nuclear statistical equilibriunm(Thielemann, Nomoto, and er_ﬁ:tle_s (I?M?en ?rt]h' dg Ctm ‘f ino t ¢

Hashimoto [28]). The Baron-Copperstein-Kahand@CK) 'he implications of this reduction Tor neutrino transpor
during core infall can be ascertained by considering its effect

equation of statéCoopersteirj29], Baron, Cooperstein, and _ ;
Kahana[30,31]) was used when the second condition was®" the transport optical depth, defined by
satisfied, but not the first. If the second condition was not
satisfied, the nuclei were treated as ideal gas partigldh [ Rsurface dr
excited states and a nine species nuclear reaction network Tuanspof €) = f 0 Ntranspork T 1 €)
was used to follow the nuclear transmutations. Three-flavor
multigroup f!ux—hmlted diffusion was us_ed for the neutrino Here ) yanspo T €) Telates in the diffusion approximation the
transport, with 20 Energy zones spanning in geometric pF‘oﬁrst angular moment of the neutrino distribution function
gression the neutrino energy range from 4 to 400 MeV. T which is proportional to the neutrino fluk(e)] to the gra-
Sglfgls%tﬂ)opsrg;fsm:gg f;?rr;tgilglbc%rzcﬂigi n;gge:hedient of the zeroth angular momenthich is proportional to
25M o precollapse model “S25s7b,” representative of aiir:;neutrmo energy density()] by the diffusionlike equa
large-core model, both provided by Wooslg2]. Some of
their characteristics are listed in Table II.

As listed in Table Il five simulations were performed for Fre)= A ransport I €) JU(T, €) @
each precollapse model. To describe these simulations, we ' 3 ar

()
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TABLE Ill. Simulations.

Simulation

Neutrino interactions modified

A: No ion screening
B: lon screeningHorowitz)

C: lon screeningHorowitz) and
v-nucleus inelastic scattering

D: No v-nucleus scattering
E: No semileptonic neutral
current scattering

o,+a as given by Eq(A49)
i.e., without the inclusion ofSig,(€))
0,4+ @s given by Eq(A51) with (Si,n(€)) given
by Horowitz [25]
Simulation B with the additional inclusion of
v-nucleus inelastic scattering as described in
Bruenn and Haxtoh26]
o, IS set to zero
Scattering cross sections of with nucleons, free
or bound(i.e., interactions c—f in Table IV
are set to zero

In our supernova code, the contribution of NAS ta Jhsport
is given by the coefficient oY) in Eq. (A45).

NES at the lowest neutrino energies is comparable to that of
NAS. This is because the contribution of NES ta desport

The effect of(Sion(€)) on the transport optical depths at goes as

selected densities is shown for model S25s7b in Fig®—3

3(d) by comparing the results of simulations A and B. Also
shown in these figures are the transport optical depths for

simulations D and E. WhefiS,,.(¢€)) is included, the total

transport optical depth from the core center to the surface

remains small until the central density exceed® tcm 3,

1

)\transpor

om (v
o | s eeder

+ D Nede e 1— O}, (6)

providing a low-energy window for neutrinos to escape.where y°(¢) is the zeroth angular moment of the neutrino

Note that at all central densities the reduction 7ify,sport
when(Si(€)) is included is less than it would be #fansport
were simply multiplied by{S;on(€)), i.e.,

Ttranspm{f)[Simmation B]
- - ><
Transport €)[ Simulation A]

Sion(€))- ©)

There are two reasons for thi§l) 7yansportiS @n integral
quantity, receiving contribution@n diminishing amountsas
we integrate from the core center to the surfdc®,.(¢€)) is
an increasing function of decreasing densigyg., see Fig.

2); the value of(Si,(€)) at the core center is therefore
smaller than its average value along the radial path from th

distribution functions, andi)g‘,NEs(e,e’) and q»g?,gEs(e,e')

are the zeroth angular moments of the “in” and “out” scat-
tering kernels, respectivelfQ]. The very high rate ofy,

“in” scattering at the low end of thev, energy spectrum
results in the large contribution of NES tQanspore [This
somewhat counterintuitive result can be understood by refer-
ring to Eq.(4). A large value for® g\ tends to produce
both a larger magnitude and a greater isotropization of the
neutrino distribution. This increases the neutrino energy den-
sity u(r,e) more than the flux(r,e), and therefore tends to
decrease\ yanspory S defined by Eq4), thereby increasing
Tiranspore | IN fact, at high densities and low, energies, NAS

po longer dominatesianspors @Nd the effect onryanspor OF

core center to the surface. For central densities betwe®n 10

and 132 g cm 3, this is the principal reason for inequality

(5). Turning NAS off altogethefsimulation D results in a
substantial additional reduction if,nspor fOr the above
range of central densities, becausg, 5 is zero throughout
the core, rather than just very small near the core ce(Rgr.
At high densities (15-10" g cm 3), the opacity due to

TABLE IV. Neutrino interactions. v refers to a neutrino or
antineutrino of any flavor.

a:vetn=e +p electron neutrino—free neutron absorption
b: ve+p=e"+n electron antineutrino—free proton absorption
c.v+n=v+n neutrino—free neutron scattering

d: v+p=v+p neutrino—free proton scattering

e vta=rvt+a neutrino-e particle scattering

f: v+A=v+A neutrino—heavy nucleus scatteriigAS)

g: v+e =v+e  neutrino—electron scatterinlES)

h: v+e*=v+e" neutrino—positron scattering

i

v+v=e +e’ neutrino—antineutrino pair annihilation

A Penter = 1011 gem3

-

10+0

T Illllll

\,
L1 1iiil

Pcenter = 1014 gem3

Poenter = 1013 g em3

1071 Peenter = 1012 g cm3

lon screening correction as a
function of neutrino energy at the
core center at selected central
densities for models $15s7b and

825s7b during infall

<Sion>

102
S15s7b

T IIIIIIl
| lIII|I|

825s7b

s L1101
o 20 40 60 80

€ (MeV)

100

FIG. 2. The angle-averaged ion screening correctitig,(e)) at
the core center for selected central densities, as a function of neu-
trino energy, for models S15s7b and S25s7b.
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FIG. 3. Thew, transport optical depths along a radial path from the core center to the surface for model S25s7b, as computed in
simulations A, B, D, and E when the central densityas10* g cm 3, (b) 102 g cm 3, (¢) 10" g cm ™3, and(d) 10" g cm 2.

the reduction ingllﬁA due to(Soy(€)) is correspondingly For various modifications to the neutrino opacities, Figs.
diminished. Figures(@)-3(d) also show that a further reduc- 4(&, 4(b), 5(@), and 3b) show the consequences for core
tion in Tyansporidt oW v, eNergies occurs when NAS s turned deleptonization during the core collapse of models S15s7b
off, and again when all semileptonic neutral-current scatterand S25s7b. Our main conclusion follows from a comparison
ing is turned off. These additional reductionsripysporarise of simulations A and B, from which it is evident that the
not so much because of corresponding reductions in the loweffect of including(Son(€)) is a rather mild reduction of the
ve-energy coherent scattering and semileptonic neutraltrapped lepton fractiorY,. This reduction inY, is about
current scattering cross sections, but because of the impoB.015 for both models. Including theA inelastic scattering
tance of NES at low, energiegand high densitigs Turn-  computed by Haxtofi26] reduces the trappe¥, by an ad-

ing off NAS and then all semileptonic neutral-current ditional negligible amount. Substantial reduction¥jroccur
scattering reduces the opacities primarily at the intermediaté NAS is turned off completely, and particularly if all semi-
and highv, energieqthey are already small at low, ener- leptonic neutral-current scattering is turned off. This last re-
gies and causes the core to undergo substantially more desult is the modern equivalent of the original Colgate and
leptonization during infall. With fewer electrons remaining White [33] calculation. It shows that modern neutrino trans-
to contribute to NES at low, energies,ryansport IS COrre-  port, with late 1960s neutrino physics, leads to a trapped
spondingly reduced there. lepton fraction of 0.18 rather than a value close to zero as
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FIG. 4. The core-center lepton fraction as a function of central

density during infall, in each of the five simulations, f@ model ) o ] .
S15s7b andb) model S25s7b. FIG. 5. The lepton fraction profiles in each of the five simula-

tions when the central densities reach*1@cm 2 for (a) model

] S15s7b andb) model S25s7b.
suggested by Colgate and Whi{&3], p. 651.

It might be suggested that the lack of extensive additionals the dominant process, followed lyA inelastic scattering.
deleptonization when ion screening corrections are included@he net production of low-energy.’'s by NES is sufficiently
results because the low-energy neutrino states, which are thapid that the low-energy window is completely filled shortly
states most affected by ion screening, are simply not popuafter the central density reaches3g cm 3. This is shown
lated. Several neutrino processes are important in filling théor simulations A, B, and E by Figs.(&-7(c), respectively,
low-energy v, window during core collapse. Figuresap  which show the angle-averaged neutrino occupation number
and @b) show “net” production ofv.’s (i.e., gains minus ¢ at selected densities during infall. At*ay cm 3, ()
losse$ for the most important,, production processes, at is somewhat reduced at low energies wieh,(¢€)) is in-
densities of 18t and 132 g cm 3, respectively. With the ex- cluded[simulation B, Fig. Tb)] relative to its values when
ception at 18! g cm 2 at the lowest neutrino energies, NES (S;,,(¢)) is omitted[simulation A, Fig. 7a)], whereas at the
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FIG. 6. The net, production per staté.e., gains minus lossgs
at the core center, as a function of energy, resulting fronv,
absorption and emission on free nucleons, elastic scattering on elec
trons, and inelastic scattering on nuclei. These were computed in
simulation C for model S25s7b, when the central density reached

(@ 10" g em3, and(b) 102 g cm 3.

same central density/(?) is substantially reduced when all
semileptonic neutral-current scattering is turned[sfinula-
tion E, Fig. 71c)]. However, by 18° g cm 3, the low-energy

v States are completely filled in all simulations. Therefore
there must be another reason for the lack of additional d
leptonization when ion screening corrections are included.
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FIG. 7. The angle-averagee. occupation number at the core
center at select central densities, as a functionvoknergy, for

model S25s7b ifa) simulation A, (b) simulation B, andc) simu-
Sation E.

The fundamental reason, which will be elucidated in the nextvindow to result in a significant reduction in the core lepton
section by our analytic model, is this: Even if all the neutrinofraction.

states below a low-energy threshold were populated and Figures &) and &b) show the entropy of the central
these neutrinos were allowed to freely escape from the coreones of models S15s7b and S25s7b, respectively, as a func-
there simply would not be enough states in this low-energyion of central density during collapse. The entropy produc-
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LR ) e e 1 e R B e R L1 entropy means that the core entropy change during infall has

16 - an important effect on core deleptonization if this entropy
e ol —— - change occurs bgfore negtrino .trapping: Entropy generation

15 [~ D:Nov-nucleus scattering = and deleptonization are linked in a positive feedback loop:
— — Entropy generation increases the free-proton fraction, which

14 — increases the electron capture rate, which increases the core

C: lon Screening (Horowitz), and
— v-nucleus inelastic scattering

deleptonization, which, completing the loop, produces more
entropy. This positive feedback loop is quenched once the
neutrinos become trapped. The transport optical depths
shown in Figs. 8)—3(d) demonstrate that, before core
bounce, these optical depths become large for all neutrino
energies and for all simulations. Therefore neutrinos of all
energies become trapped before core bounce, even those in
simulations E in which all semileptonic neutral-current scat-
tering is turned off. The trapping and equilibration of neutri-
nos with matter at high densities is evident for all simula-
tions in Figs. 8 and 8b), as the entropy versus density
curves level off at high densities.

13 [—

B: lon screening (Horowitz)
12 [~

\— A: No ion screening

09 —

S15s7b Is (180) —
Core center dimensionless entropy

08 per nucleon as a function of the . = Comparisons of the entropy trajectories given by simula-
central density during core infall . . . . .
— . tions B (or C) with those given by A show that the inclusion
07 L of (Sion(€)) leads to considerably increased entropy produc-

1070 1on 107 1058 1ot tion during infall, despite the rather mild increase in core

(a) Central Density (g cm™) deleptonization. This is because the inclusion{8f(¢€))
increases the tendency for low-energys to escape. The
result is a lowering of the mean energy of the emitigth
from 9.47 to 9.11 MeV for model S15s7b, WheRener
=102gcm 3, and at a similar epoch, from 9.33 to 9.28
MeV for model S25s7b. On the other hand, for simulations
D and E, the mean energy of the emittegds for model
S15s7b increases to 11.27 and 11.34 MeV, respectively, and
for model S25s7b to 10.72 and 10.81 MeV, respectively. The
increased entropy production exhibited by these latter simu-
lations is due entirely to increased core deleptonization.
The consequence for core hydrodynamics of including
(Sion(€)) is shown in Table V, where the quantiby g, is
— given for each simulation. Herél o« IS the mass enclosed
— by the bounce shock when it forms. The location at which it
— first forms is defined as the radius at which the dimensionless
- matter entropy per baryon first achieves a value of 3. The
825s7b Is (180) — larger the value oMg,qq, the greater the strength of the
0o - oo nudleon a6 a funcion afhe” shock, and the less ironlike material it must encounter and
central density during core infall _| dissociate before it propagates out through the rest of the
Coovrond v vl v vl v core. The value oM 4,cis therefore an indicator of how far
1010 1011 1012 1013 1014 out the shock will propagate before stalling. It is seen from
Table V that including Sign(€)) reducedM g0 by 2.3% and
5.7% for models S15s7b and S25s7b, respectively. The in-
. . . lusion of inelastic neutrino-nucleus scattering reduces
FIG. 8. The core-center dimensionless entropy as a function OKA further bv~1%. Substantial reducti M )
central density during infall, in each of the five simulations, @@r shock y 0. substantial reguctions W spock 0C
model S15s7b anb) model S25s7b. cur only Whgn neutnno-nucleu_s elas'glc scattering is turned
off, and particularly when semileptonic neutral currents are
tion during core infall has been discussed by a number ofurned off.
people(Arnett[34], Epstein and Pethick35], Van Riper and We summarize this section by noting that the inclusion of
Lattimer [36], Bludman, Lichtenstadt, and Hayddi37], {(Sin(€)) in the neutrino-nucleus scattering opacity has a
Bruenn[9]). No shocks are present, and the change in thenild, rather than a dramatic, effect on core hydrodynamics.
matter entropy is due almost entirely to weak interactionsWhy the core does not deleptonize more wkeh(¢€)) is
These, unlike the strong and electromagnetic interactions, atacluded, with greater consequences for the subsequent core
not equilibrated during infall. The entropy production de- hydrodynamics, is not becausg’s are not rapidly down-
pends on the number of.’s produced per baryon, and in- scattered into the low-energy window created 8y,,(¢)); it
creases as the energy of thgs emitted from the core de- is because the low-energy window affected (&,.(¢€)) is
creases[see, e.g., Brueni9], Egs. (3.13—(3.19]. The too narrow. We will demonstrate this in the next section by
sensitive dependence of the free-proton abundance on thietroducing a simple model.

1.7 U BRI T T T TIrm| LR T T T 11111

E: No semileptonic neutral
current scattering

15 D: No v-nucleus scattering

14 [~ C:lon Screening {Horowitz), and
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TABLE V. Mass enclosed by shock. Equation(9) can be written in a form that is useful for
approximation. We note first that, if timé=0 corresponds
Simulation M shocks Mswoc:  to the initiation of core collapse antd=t to core bounce,
S15s7b S25s7b  and ifR is chosen to be fixetime independentat the mean
A: No ion screening 0.6008 0.6425 Ve-Sphere radiusRVe during core collapse, the mean density
B: lon screeningHorowitz) 0.5868 0.6061 (p) inside R, increases from~10°gcm® at t=0 to
C: lon screeningHorowitz) and 0.5804 05988 ~10'gcm *attimet. Becaus®R,_is fixed,Ng scales with
v-nucleus inelastic scattering . _ t AP, ;
D: No »-nucleus scattering 0.4412 0.4480 ‘o) .th-erefo-reNBi<NB.(t) N?i+tprB(,t )d,t  and N.Bi ®
E: No semileptonic neutral 0.3506 0.3565 Nedligible in comparison W|thf0NB(t )dt 5 and WI.|| be
current scattering dropped. We next replace the ratio of the integrals in(&g.
by the ratio of the time-averaged values of the integrands.
The result is

Ill. ANALYTIC MODEL

t (out)
To elucidate the effect ion screening corrections have on ONI on-ior(t)dt’ —( \(Oud
the deleptonization of a stellar core during infall, we develop (AY|(1))= t = Honion. (10
a simple analytic model. We begin by deriving a general j NB(t’)dt’ (Ng)
expression for the change in the mean core lepton fraction 0
(Y, (t)) within a fixed radiusR at timet as a result of includ- o _ .
ing ion screening correctiongY,(t)) is given by An approximation fofAY,(t)) will now be obtained by de-

riving numerical estimates diN{Ju.io,) and(Ng).

t. An estimate of(Ng) can be obtained by considering the
Ny (D) N|,+f N, (t")dt’ inflow of baryons throughR, , i.e.,
| I 0 e
(Yi(1)= = : (7
Ne() +ftN ar R p(RY1 GMR,)
B; 0 B <NB>— mg vamT ve mg E R—,,e4ﬂ-Rye
whereN,(t) and Ng(t) are the lepton and baryon numbers =1.1X10m(R, )M ]V°R, g54mR? (11)

inside R at time t; N, and Ng, are the initial lepton and ot 4
baryon numbers insid®, and N;(t’) and Ng(t’') are the where we hav_e usepi(R.Ve):5><1 9 cm_ » and half the
rates of inflow througlR of leptons and baryons. We decom- free-fall velocity forv, in accordance with the results of
pose N,(t’) to Nl(in)(t/)_Nl(out)(tr)_l'\l(out) (t'), where similarity solutions for the infall of the outer cof&]. During

: |(fon-ion core infall, the v, sphere forms at a mean radi
N{"™(t") is the rate at which leptons are advected inward ' Ve SP , 1 s IR?e
=50 km and a mean densip(R, ) =5x 10" g cm°. This

through R with the matter,N°°(t’) is the rate at which _ _ _ v
neutrino transport without ion screening causes leptoas ~ 'adius and density appear to be insensitive to both the pre-
\ collapse model and the time during inf&88].

ve'S Minus v¢'s) to flow out of R, andN{%a ., (t) is the _ S out _ o

additional rate of lepton flow out &® when ion screening is , 10 €Stimat&Nigon.ion), We note that ion screening’s ef-

included. To simplify the analysis, we assume that the hngct is to greatly reduce the.-nucleus scattering cross sec-

drodynamics is the same with or without ion screenifigis 10N for low-energyv,'s. We therefore make the assumption

is justified a posteriori by the small effect ion screening that the consequence of including ion screening is to allow

corrections will be shown to have on core deleptonization. 8l the ve's with €, <€, maxto rapidly escape from the core.

Use of the above decomposition in E) gives To estimateevemax, we note that the maim, opacity source

during infall is NAS, which corresponds to the transport
t . . : mean free path derived by Brown, Bethe, and B439I;
Nlﬁf [NF™(E) = N{*() = Ni o )]0
_ 0 15.2
(i()= t : = (12

: N= km,
Ng + j Nig(t')dt! & 10 1ACSonl€))
! 0

8 whereeyel(): eve/(lo MeV). The mean density below theg
o N ~ spherep,,, is given by
From Eq.(8) it is clear that the additional deleptonization
due to ion screening is given by m(RVe)/M@
p12=38—5——, 13
t. 7650
Nl(ci)gr?—ion(t’)dt,
0 © where pi,=p/(10? gcmd), R, s0=R, /(50 km), and
t . . . _ . . 2
NBi+f Ng(t')dt’ m(RVe) is the time-dependent mass enclosed wﬁhug. C

0 is the weak coupling strength, which féx=120 andZ

(AY,(1))=
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potential energy to the ion thermal energy.

=40 is 0.0756A andZ of the typical heavy nucleus increase
slowly towards the center with~120 andZ~40 as repre-
sentative mean§27)). (Si,n(€)) is the angle-averaged ion
screening correction to the,-nucleus scattering cross sec-
tion, and is approximated by Horowif25] using the follow-
ing function of ¢ andT™:

1
<Sion(€)>: 6 ’
1+exp( —ZO ﬁi(r)g)

whereé is the ratio of the mean ion-ion separatato thev,
Compton wavelength, i.e.,

(14

f=ay (15

wherea is given by Eq.(2). I is the ratio of the ion-ion
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13 m(R, )/Mg\ 3
P12 1 ( Ve ©
€, 10=0.544 — =0.85 ,
et0 A<A120> ¢ R, 50 A120
(16)
whereA;,0=A/120. Using Eq(16) in Eq. (12) gives
0.60R: .,
€

Al km. (17)

~IM(R,)/MT7A 16X Son €))

We now assert that neutrinos will rapidly escape from the
core if

N=(R,, (18

where( is of order unity. Inequality18) will be satisfied for
E<&max» Where ¢ . is obtained by treating inequalitil8)
as an equality. The ion screening correcti@,.(€)) de-
pends or¢ andI’, defined in Egs(15) and (1), respectively.
We observe from Fig. 1 that the quantifyincreases with
increasing density during core infall, with a typical value
being ~35. Choosingl’=35, the solution of Eq(18) for
gmaxa W|th RVeSOZ 1, m(Rye)/M@:0.7, A120: 1, givesgmax
=0.933 and 1.486 for representative values{adf 1 and
1/10, respectively. From Eq16), values of 0.933 and 1.486
for &max give €,, max— /-0 and 11.2 MeV, respectively.

If we assume that the effect of ion screening is to allow all
V'S with €,,<€,_max {0 freely escape, and assume further
that v, downscattering on electrons is sufficiently rapid to
completely populate these, states belovaVe, the radiation
of v.'s with €,,<€,_max will occur at the blackbody rate;
i.e., their number flux will be equal toc(4)nve, with the
number density ob.'s with €,,<€,_max given by the com-
pletely degenerate maximurmvez(4w/3)[efe ma)J(hc)3].
This provides an upper bound foN{°2 . Y, given by

3
c 47 €y max

(NS o = % n,,e47TR§e: 173 o’ 47TR'2}e
3
=1.64x 1043( ﬁ/) 4nR2,
5.62X 10424”Rie’ =1
:| 2.30x10°%aR, (=} (19

Coulomb potential to the thermal energy, and is given by Eq.

(1), and theg; are specified functions ofF, obtained by

least-squares fits dfSy,(€)) to Monte Carlo data. A glance
at Fig. 9 shows thatS,,(€)) is a very sensitive function of
&, with (Sign(€))<<1 for £<1, if '=10.

To determinee, max, We expresse, i in Eq. (12) in
terms of ¢ and the meam and A below R, and determine
the value of¢ below whichv,'s can freely escape from the
core.(The escape criterion will be expressed in termsa of
Solving Eq.(15) for € and using Egs(2) and (13), we
obtain

Using Eqs(19) and(11) in Eqg. (10) and takingR, so=1 and

m(Rve)/Mez 0.7 gives

—0.0061, ¢=1

(AY ()= (20)

1
~0.025, {=75"

These two values bound our numerical results presented in
the preceding section.
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IV. SUMMARY AND CONCLUSIONS nuclear current. Both of the above cross sections included a

. . . . . nuclear form factor correction that reduces the cross section
On the basis of detailed numerical simulations of core

infall presented in Sec. Il and the simplified analytic modeIat high neutrino energies. Scattering kernels for neutrino
P . : piime yuen transport codes based on the above formalism were com-
constructed in Sec. lll, we draw the following conclusions.

‘ . . S puted by Yueh and Buchldrl9] and Bruenn[9]. A clear
N A(Sl) {Sion(€)) tqoes in fact fcaulse a dr?s.t'c reducyog n thediscussion of coherent nuclear scattering and the nuclear
for g<cr108csfSegql?g)ygﬁ(;)ﬁiggr gvgnnde]g fno energied.€..  torm factor is given in Freedman, Schramm, and Tulat.

. L We assume a medium occupying a voluvhand consist-
(2) The Iow-e_nergy wmd_ow _creatgeq by th? reduct|,on n ing of N, identical nuclei of charg€ and mass numbe,
Transpok €) from ion screening is efficiently filled by's

. immersed in a uniform electron sea. The transition rate for
downscattered by NES. By=10'?gcm 3, there is very

little diff betw h laii 's at the | f neutrino-nucleus scattering from a definite initial to a definite
Itie al erer!che N .ehen ﬁpppl:a]on Dfﬁs,s at the O\ge.s final state can be written in the low-ener@pw-neutrino-
energies, with or without the inclusion ion(€)). and in energy limit as an effective current-current interaction given
both cases, the occupation of states is close to unity.

" A X b
(3) The additional deleptonization resulting from the in- y
clusion of (Sign(€)) is relatively small. We obtain a reduc- 2 )
tion in the trapped lepton fractiov of about 0.015 for both Wi === 8(Enuer ~ Enuci E.i—EIM[% (A

the 1M and the 28 models.
(4) A simple analytic model demonstrates that the unexsyhere

pectedly small additional deleptonization that results when

(Sion(€)) is included is a consequence of the restricted phase  GL*

space in the low-energy window; i.e., #fanspof €) is set to M= 2 Wy

zero in the low-energy window, and NES is assumed suffi-

ciently rapid to completely populate it with's, the delep- T is the state of the mediumAl‘;{Lcﬂ is the nuclear neutral

ton!zat!on that .resulf[s is small ‘.”md n accprd W.Ith thg deIep'current operator for thgth nucleon of thenth nucleusL# is
tonization obtained in our detailed numerical simulations.

(5) The inclusion of(Si,,(€)) reduces the mass initially the lepton matrix element, given by

Nnuc A
2, 2 ey AT T wi>, (A2)

enclosed by the bounce shock when it first forms, by 2.3% ) 2

and 5.7% for the 18l and 28y models, respectively.  L#=(v|L*|v;))= ———u, (p,1) (1~ ys)U, (P.i),
This weakens the bounce shock and causes it to stagnate at VVEsE, ° ¢
smaller radii, but the effect is insignificant. (A3)

and G is the effective weak coupling constaft=8.99
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APPENDIX ~
N

nucu

=" —sir? g0 (Ad)
We present here a derivation of the neutrino-nucleus elas- K EM
tic scattering cross section as it appears in our SupernoVghere J, , is the third component of the isovector current

code. Thg purpose is to include many of the _detajls Omitte%perator ofB decay, andlgy, is the electric current opera-
from previous work, to make clear the approximations mad in

in the final expression used in our supernova code, and ﬁoor. In the low-energy limit.Jyc,, is given by
elucidate the origin and physical significance of both the 4jn  _ _jn Conling 1 in_ _jn jiny 1 in

; , ; . = "+ 3Cy1 75 — ¥5 (Caol"+3Ca175) ],
nuclear and the ion static structure functions. Previous work “nues =~ Yul Cvol "+ 2Cva7s = Y5 (Caol T+ 2Car 73 )(,]AS)
begins with the recognition by Freedmgt8] that the am-
plitudes for neutrino scattering on the nucleons in a nucleugyhere 1" and 7' are the identity and third component of
Sh0u|d Comb|ne COheI’enﬂy. He Ca|Cu|ated the Cross SeC“O@;ospin operators in the neutron_proton isospin Space_ The

for neutrino scattering on spinlesg=A nuclei (for which  form factorsCy, Cy1, Cag, Caz in theq=0 (q=/q[) limit
only the isoscalar, vector current contribytend suggested are given in the standard model by

its importance to the neutrino transport attending stellar col-

lapse. Tubbs and SchramiiiO] extended the neutrino- Cvo=—siffy, Cy1=0gy—2 sirffy, Cao=0,
nucleus elastic scattering cross section to spinlégsi\ nu-

clei by adding the isovector, vector contribution to the Ca1=9a, (AB)
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with gy=1, ga=1.23, and sif$,=0.23. Thej summation in  state describing the spatial correlations among the nuclei,
Eq. (A2) is over all nucleons in a given nucleus, and the i.€.,
summation is over thél . nuclei in the scattering medium. — = \_ B D -
Analogous to the adiabatic or Born-Oppenheimer ap—w(rll' AN = PRy R ) AalFage e Fan) o by
proximation used in condensed matter phydieg., Seitz X(FNe el AN ) (A7)
[43]), we will assume that the nuclei are sufficiently far apart o nue nue
that the nucleons in a given nucleus are not significantlywhereR, locates the center of mass of th&h nucleus, and
affected by the presence of other nuclei. We therefore as;.-_j’n :r_jn_Rn locates the position of thgth nucleon of the
sume that the state of the scattering medium can be decomth nucleus relative to the latter’'s center of mass. Substitut-
posed into a product of states describing each nucleus andirg Eq. (A7) into Eq. (A2) gives

nuc

GL,U. Nnuc p— A n. -
M=~ 3 <wf|exq(i/ﬁ>q-Rn]l¢i><¢>f1--~¢mm 3, T XA (i/H)a-T]) ¢i1---¢mm>

A
> ,Zl I, exd(i/1)q-T]]

.

GL* Nnuc e
= nEl<¢f|exq<i/ﬁ>q-RnJ|wi><¢fn

GL* Nnuc - e A N - _
=5\ 1] 2, e m)aR v )| 1| 2 e, XHHIGT]]| 1), (A8)
|
where in the last step we have assumed thgt= ¢i=--- The nonrelativistic approximation is appropriate for
= din= ¢ and ;1= Pio="+ = din= ¢;, i.e., that all nuclei nucleons in the nucleus. In this approximation, the small

are identical, and we have dropped the subscrippgcause components of the nucleon spinors, which @/c), are

the expectation value of the operator should be independemeglected; the spinor operators in E44) assume the limits

of which nucleus is being considered. Y’—1, y°y*—-0, ¥ -0, and yy*— ;. Then (3%,) and
We now take the implied sum over the neutrino spins in<\]_nu9 become

the modulus squared to get A
o2 <J2u9=< #1| 2, (Cuol!+ 3 Cunrh) exil /i 1] ¢i>,
c =
2 L= [PUPL = 9Py Pui) + PEPY, (A11)
spins vil=vi
. and
_Ipvfo'pViTE(raT'B]- (Ag) o A . o
. A A ) (o = _<¢f 21 (Caol'+3Car7h)0r eXF{(i/ﬁ)Q'rJ"]‘¢i> .
DenOtmg <¢f|2j:1‘]£1ucﬂexri(|/ﬁ)q'rj,]|(ﬁ> by <Jnucu>1 we =

perform the inner product of the lepton currehtd *# and (A12)

the nuclear current(s]nuca)@nqw}*, and then take the av- 14 evaluate|(J%,)|2 and |<J_nuc>|2 in Eq. (A10), we as-
erage over the angle_appearmg in the spatial component Qume that the scattering is elastic, i.e., that the nuclear state
the inner product, which is equivalent to averaging over the 4.y goes not change as a result of the scattering. The nuclear
nuclear spin projection; we obtain recoil will be incorporated ify;). Consider first Eq(A11)

for (3%,0. We rewrite this equation in terms of the proton
G- and neutron “projection” operatorgh=3(11+75) and ¢,

V2 =3(1l-7)—ie., &lp)=|4) for protons (neutrons,

A A — A oA and zero otherwise—to get
X{|<‘]guc>|2[1+ pr : pvi] + |<‘]nuc>|2[1_ %pvf . pvi]} g
¢i>

< 7z ¢i> : (A10) <Jﬁu¢>=< b

WhereJﬂuc andJ,.are the time and space components of the = CVp< i ¢i>
nuclear 4-current, an@, and p,; are unit vectors in the

direction of the final and initial neutrino momenta, respec-

tively; i.e., p,s=cp,¢/E,; andp,,=cp,;/E,; . Note that the +CVn< bi ¢i>
cross terms in Eq(A10) vanish as a result of the spin pro- _ .

jection averaging. =CypZF,(q)+CyNF(a), (A13)

2 G2
Wi ==~ O(Enuct—Enuci T Evi—Eoi)

NI"IUC

> exd(i/h)q-R,]

n=

X

A
;1 (Cypéh+Cynéh)exd (i14)q-17]

> exd(i/h)qr]]

protons

> exfd(i/f)qr]]

neutrons
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whereCyp=Cyo+3Cy; andCy,=Cyo—3Cy1, and where Now consider J,,o given by Eq.(A12). This part of the
matrix element is usually neglected in comparison with

ZFp($=<¢i S exp{(i/h)q-—rj’] ¢i>’ (38,5. The bagic reason is th_at spin is the_additive quantum
protons number for axial vector coupling, and the final cross section
is proportional taJ(J+ 1), wherel is the nuclear spin of the
_ R target. This is unlike the vector coupling case, where baryon
NFn(q):<¢i ne%ons exf(i/)q-r] ¢i>- (Al4)  npumber is the additive quantum number. Sind+1)

< A2, coherent effects are minimal for axial vector coupling.

Fp(ﬁ andF(q) are the proton and neutron form factors for Additionally, the .coeffi'cientCAo is zero in the standgrd
the composite nuclear target. Both are simply the superpos©del, andCy, will vanish for J=0 (ground statenuclei.
tion of unit amplitudes with phase factors that account forFor these reasons we have set the contributiofJqfy to
the relative phases of the scattering from the individual prothe neutrino-nucleus scattering rate to zero in our supernova
tons and neutrons in the nucleus, each at a different coordfode. _
nater; . Expressions for the form factors in terms of nuclear ~ Using Eq.(A19) in Eq. (A10), and setting(Jy,¢ to zero,
parameters can be obtained by considering their Fourigie obtain
transforms. Thus )
2 C

1 L WfiZT 5(Enucf_ Enuci+ Evf_Evi) W (1+0039)
G | X (ITTIF(@

™ x exf —4b(E?/c?)(1—cos)]

1 - N 2
- - I v _ (i - nuc _
_Z(ZWh)SJd q eXF{ (llh)q r] X <§[/f Zl eXF[(I/ﬁ)q_Rn] '7//|> , (AZO)
><< #f pr%ns exd (i%)q-r;] ¢ip> where
1 L - _NI2
:Z<¢P IR ¢>F>=pp< ), (A15) C*=G*A%Cvo+Cu1 54 - (A21)

Wherepp(ﬁ is the normalized proton density in the nucleus.The effect of the nuclear form factor

It therefore follows thaﬂ:p(ﬁ is the Fourier transform of
pp(r). By the same argumerf,,(q) is the Fourier transform
of p,(r), the normalized neutron density in the nucleus. We,
will assume that

Fo(@)=Fn(@)=F(a). (A16)

F2(q)=exqd —4b(E¥c?)(1—cos)] (A22)

n Eq. (A20) is to reduce the transition rate at high neutrino
energies. This reduction will occur, for a given scattering
angle 6, when the amplitudes for scattering from the various
nucleons in a nucleus interfere destructively with each other.
(This occurs at high enough neutrino energy, when the neu-

While the best it to the proton distribution, based on EIeC'trino wavelength becomes comparable to the nuclear radius
tron scattering data, is the two-parameter “Fermi-Dirac” 9 P '

distribution (Hofstadtef44]), an approximation fop(r) that Complete destructive |.nterferenc.e occurs when the path dif
) ference between neutrino scattering on two separate nucleons
correctly reproduces the nuclear mean square radius and per- : . ;
-Is one-half the neutrino wavelengtfi.o estimate this effect,

mits closed form expressions for the final scattering rates 3 ke the nuclear radius to =1 07AY3 fm. Note that the

the Gaussian ) . .
mean scattering angle in the absence of the correction fac-
tors, Eq.(A22) and the term in EqA20) that corresponds to

p(r)= _ exd —(3/2(r2{r?)] (A17) Eq.(A24), is 6=3n/8. For this scattering angle and fér
(3 m(r?))3? =56, we find that the nuclear form factor reduces the tran-
sition rate by a factoe™! when E,=83 MeV, and forA
for which =100, by the same factor whelh,=68 MeV. These neu-
o trino energies are too high for the neutrino opacities to be
F(q)=exp(—b[q[?), (A18)  affected near the neutrinosphere, but during core infalkthe

o _— chemical potential reaches 68 MeV @t=2x 10" g cm 3,
where b=(1/4%)(r?/6), and [q[*=2p,s-p,i=2(€;/c*)(1  therefore the nuclear form factors will reduce the neutrino
—cosf), whered=cos * p,¢- P, is the scattering anglé.e.,  opacities at these higher densities, and therefore increase the
the angle of the final neutrino momentum relative to therate of neutrino transport in the dense inner part of the core.

initial neutrino momentum The result for(J5, from Egs. The neutrino-nucleus scattering source terms in the super-
(A13) and(A18) is nova code are functions &,_, the neutrino-nucleus scat-
tering kernel. The latter is the scattering rate for a given
Z—N initial and final neutrino state, and is obtained by summing

(Jhu0 =1 CvoA+Cyy

_ 21~2Y(1 —
2 exy —2b(e,/c?)(1~cos 6)]. and averagingv;; over final and initial nuclear states, respec-

(A19) tively, i.e.,
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where we have used the fact thb?nugc:\/SMnuccsz
RV-A=%i r%f PruciWii >[q[c~E, unlesSEgemi/ KT>55, whereEgem, is the elec-

tron Fermi energy. During collaps&gemi/ KT<20. Since
lglc<2E,;, we have

57 C2(1+ cosh)exd —4b(E%/c?)(1—cow)] o
q-Poe —— Y,
a =g Vo <2E,, —<E,,. (A26)
MI‘IUC c

Nnuc
~z Son(AE, ), (A23)
It follows from Eqs.(A26) and(A25) thatAE,<E,; for any

where AE,=E,—E,, is the energy transferred from the scattering angle. Hence, a good approximation is to assume
neutrino to the medium. HerB, ., is the probability of a NatAE,=0 for all scatterings and write
given initial state, and the average is taken over the canonical o o
ensemble at temperatuiie Note that=,,; ; are symbolic Sion(AE, ,q)=8(AE,)Sion(Q), (A27)
sums taken over all initial and final stat¢s; of the corre-
lated nuclei centers of masS,,,(AE, ,q) is referred to as Where
the “dynamic structure function” or “dynamic form factor” w
of the medium(e.g., Van Hove[45], Pines and Nozies Sion(ﬁzf dAE,Sin(AE, Q). (A28)
[46], Hansen and McDonaltt7]), and is given by -

Here Sion(q) is referred to as the “static structure function”

Nnuc 2

! S exi(ih)q R,

= N 2 E Phuci

nuc huci nucf

— or “static form factor” of the mediun“static,” as will be
ion(AEV ,Q) . D
collapseSion(Q) is referred to as the “ion screening factor”

seen below, because the times in the argumern®,@ndR,,
<¢ 1,//> in Eq. (A30) become equdl In the context of stellar core
f i
or “ion screening correction.” With Eq(A27), Eq. (A23)
X 8(Enyct— Enuci —AE,). (A24) becomes

An important simplification can be made considering the 2
fact that the recoil energy of the nucleus is very small. In R”'A:T C2(1+cosﬁ)exr[—4b(E§/cZ)(1—cos9)]
particular, thes function in Eq.(A24) can be written as

Nnuc —
Er Eni— AE.)= 5( Gl AEV) X~z O(Eu—E,)Son(a). (A29)
MHUC 2MFIUC
TP, To further explore the properties 6f,,(q), we transform
=~ (q n”°—AE,,>, (A25)  EQ.(A24) into a more convenient form by inserting the Fou-
M e rier representation of thé function to get

_ 1 1 ® i
Sion(AE, ,q) = N 2 E Phuci m Jiocdt 6X4% (Enucf_Enuci_AEu)t)

nuc nuci nucf

2

S i)
)

se 2 oo

1

1
o o e 1 2 ﬁf dtexﬁ(_'/ﬁ)tAEV]<w. 2 exd(=in)a- R,]

o .

Npue Nnu
> Pruci 2 E: J dt exef (—i/R)tAE, J(silexil — (i/7)q- Ro(0)1exel (i/7)d- Rn(0)]1] )

Nnuc nuci

NHUC

exd (i/4)Ht] 2_1 exd (i/4)q-Rn] exd — (i/#)At]

dt exif (—i/A)tAE,J(exd — (i/7)q- Ry(0)lexd (i/A)d— Ru(t)1), (A30)

whereH is the Hamiltonian for the correlated nuclei centers of mass, and where, using the time-translation prdpemeof
have defineR,(0)=R,, R,(t)= exp[(llﬁ)Ht]Rmexp[ (|/ﬁ)Ht] The sum over final states has been performed by exploiting
the closure propertyX|;)(y;|=1) of a complete set of quantum stafels), and we have denoted the combination of

quantum and canonical statistical averaging byWe then use EqA30) for S;,(AE,,q) and carry out the integration over
AE,:
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Sion(a: J dAE,Son(AE, a@

1 Nnuec Nnue o

> > | dts)

Nnucn:l m=1 J —

X (expf — (i/h)q- Ry(0)]exd (i/4)q- Ry(t) 1)
1 Nnuc Nnuc

> > (exd—(i/f)q-R,]

Nnuc n=1 m=1

x exf (i/)q- Ry])
NI"IUC Nnuc

> > (ex]—(i/f)q-R,]

Nnuc n=1m=1

X exd (i/7)9-Ryl). (A31)

Because the position operatd?a andEm are now at equal

[47], where the last equality in E§A32) holds for a trans-
lationally invariant system.

The pair distribution function gives the probability of
finding another nucleus at a positiBhfrom a given nucleus
relative to that probability if the positions of the nuclei were
completely uncorrelated. If the positions of the nuclei are
completely uncorrelatedy(R) =1, and the expression given
in the last line of Eq(A31) shows thatS,,,= 1. In this case,
ion screening has no effect. In the extreme opposite case,
which occurs whe =0, the canonical ensemble consists of
just the ground state, in which the nuclei are arranged in a
rigid lattice. If in addition the scattering leaves the nuclei in
the ground state, i.e|i:)=|¢;), thenS,, as given by Eq.
(A24) becomes identical in form to the square of the proton
and neutron nuclear form factors, given by E413). In this
case,Sj,, Will be directly related to the Fourier transform of
the distribution of nuclei, and the neutrino scattering will be
analogous to the Bragg scattering of x rays in a crystal. In
particular, the scattering will be zero if the neutrino momen-
tum is below a minimum value corresponding to a wave-

times, they commute, and further instructive transformationdength greater than twice the spacing between adjacent

of S,n(q) are possible:

Sion(mz N

—(i/7)q-Ry] exf(i/A)q- Ryp])

1 Nnuc
PP < J T
Nnuc n#m

xexd — (i/8)q-(r—1")]8(r—Ry) 5(7—?,n)>

1 Nnu&Nnuc_l)ff
1+ T d3rd3”
Nnuc V2

xexd —(i/h)q-(r—r")]g(r—r")

~1+nnucf d°r exd — (i/4)q-r1g(r)

= 14n,,{27h)383(qQ) + nnucf dR

xexd — (i/f1)q-RI[g(R)— 1], (A32)

wheren,,= N,,/V is the number density of nuclei. In the
fourth equality we have assumed thdf,.—1~N,,. To

establish the last equality unity has been added and su
tracted to the integrand, and the unimportant scattering ter

at g=0 has been factored out. We will ignore this term in

what follows. The quantitg(R) is the pair distribution func-
tion, defined as

d(Ry,Ry)=VA(R} Ryl %R, — Ry) %R, — Rp) Ry ,Ry)

=g(R;—Ry) (A33)

planes of the lattice. In the intermediate “liquid” case,
gd(R)=g(|R]), i.e., the pair distribution will be isotropic, and

its magnitude will be characterized by a peak at the nearest
neighbor distancea, with g(|R|)—0 as |R|—0 and
g(|R|)—1 as|R|—. In this casesS,, must be computed
numerically, but has a similar appearance, with a peak at a
value of|q[ approximately equal to 2/a (e.g., Hansen and
McDonald[47], Fig. 11), and small wheng[— 0.

We now use Eq(A29) to obtain the source terms needed
for our supernova code. Assuming spherical symmetry, let
f=1(t,r,E,,un) be the neutrino occupation number, i.e., the
number of neutrinos per state, whdrés the time,r is the
radial distance from the core centér, is the neutrino en-
ergy, andu is the cosine of the angle of the neutrino propa-
gation direction with respect to the outward radial direction.
Then

2mdVEAE,du

ng:f(t,r,EV,/.,L) W,

(A34)

where dn, is the number of neutrinos at,(,E,,x) in
dVdE,dw. The neutrino transport equation equates the rate
of change off to appropriate flow and source terms. The
contribution of neutrino-nucleus scattering to the transport
equation is obtained by computimg},., , which is the rate at
l){\_/hich neutrinos are scattered into the stateraEf( i, win)
r1{’{1inus the rate at which neutrinos are scattered out of that
state. Factoring out théfunction fromR,_, in Eq. (A29) by
writing

R, A=8(E,i—E,)R) A, (A35)

the equation foB,_a(t,r,E, in,&in) iS given by
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Vv =, 1 To obtain closed form expressions for these angular mo-
B,.a=[1—fin] (2mho) fo E audE, outfildluvout ments, we expan&,_, in the first two terms of a Legendre
series:
2

X | depouf outS(E sy our— Ev i) R, 1
0 (rbOLI'[ out ( out |n) A R;_A(t,l‘,EV,COS9):§@OV_A(t,I’,EV)

oo 1
o 2 3
fln (27Tﬁc)3 Jo EV outd EV OUtJ'fldlu‘OUt + E q)l,,_A(t,l’,E,,)COS9. (A43)
2
xf dpoud 1= Foud 8(E, ou— E)R. A Then, using EgstA43) and (A37) in Eq. (A36), we obtain
0
2 0) 1
VEV . 1 27 , BV'AE = f dMinBV—A: 0, (A44)
s | o AR o 2 )
1 (1
(A36) BEE,)’-\E E Jll:u*ind,uinBv-A
where fin:f(tiriEvini/“Lin)v fout:f(tvrvaoutquour)a and VE2
R! =R/ A(t,r,E, ,,cosé), with vi
wa=Ruual v ) wi =27 S [ @y, a— Do, aleM.  (A45)

(27hce)®

COY= WinMoutt \/( 1- M%)(l - Mczjut) COS dour— Pin)- . . . .
(A37) Equation (A44) states that neutrino-nucleus isoenergetic

scattering gives no contribution to the source/é?. This is
In the multigroup flux-limited diffusion (MGFLD)  because neutrino-nucleus isoenergetic scattering redistributes
scheme, which is the scheme implemented in our supernouwe neutrinos in angle only, and therefore gives zero contri-
code, we solve for the zerothy(?) and first (#)) moments  bution in the angle average. The negative of the coefficient
of the neutrino distribution functiof;, the nth momenty(", of 4 in Eq. (A45) is the neutrino-nucleus isoenergetic
is defined by scattering contribution to the inverse transport mean free
path, which is used in the MGFLD scheme to relgé to
= 1 fl . (A38) the radial gradient off){®) [e.g., Bruenr9], Egs.(A26) and
2 )1 (A41)].

To obtain explicit expressions fabg,., and®q,. 5, we
where, in accordance with our assumption of spherical symobserve that the expression a8, provided by Horowitz
metry, azimuthal symmetry about the radial direction hags defined by
been assumed. The MGFLD equations #f) and (1) are

3 (1 _
(Sion) = 2 Jlld coY(1+co)(1—cosd)Sion(0).

1049 1 a(r2yV
< lgt + ( ;f ) +velocity terms=RHS? (A46)
(A39) The factor (1-co9) is the appropriate “transport” angular
and weighting factor. To derive an expression febg,.a
—®,, 5, first ignore the nuclear form factdEq. (A22)],
) which is valid at low neutrino energies. Therefd®é ,, as
(1) d . A
pr=-g F—— (A40)  given by Eqs(A35) and (A29), becomes
e e 2 G? —N|?
where the diffusion coefficient' is given by R;_A:T nnucv A?|Cyo+Cyy A (1+cos9)Sion -
o) (A47)
A= . I (A41) . "
RHSO—rhs? Then, using Eqs(A46) and (A47) and the definitions of

Dy,.o andd 4, o, We obtain
where RHS=B,,_,+ other processes, and where

1
OOV, — oW = fﬁld cosf(1—Ccoh)R/, »

1 (1
RHS"V= > f u"duRHS, (A42)
) 2m GZAZ‘C v N
=—0nN -~ a i )
rhsY=RHSYy 91y, and F is the “flux limiter,” a param- ho eV VORTVE oA | 3 Ten
eter constructed to keep the flux from becoming unphysically (A48)

large when\' becomes large. Therefore it is the zeroth and
first angular moments oB,_, that are needed, which we where the superscript “low” is a reminder that this expres-
denote byB(%) andB(!), respectively. sion ford, o—®1,.4 is valid only at low neutrino energies.
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For high neutrino energies we must include the nucleathe brackets of EqA49) tends to; asy—0, and is within
form factor. In this case, s&,, equal to 1 in Eq(A23), 10% of 2 when y=0.1, i.e., whenE,=24.1AZ% MeV,
which is a valid approximation at high neutrino energies;where Asg=A/56. Thus, forEV<24_1A§g3, Eq. (A49) for
integrate over angle; and use H#35) to get the expres- ¢, ,—®,, , is effectively the same as its corresponding
sions given in Bruenfi9] (with N andZ interchangefl viz.,  expression for low neutrino energies, E448), without the
hiah _ gphiah ion screening correctiofiS;,,). Moreover, according to Fig.
0r-A™ 1A 2, for p<10'3 g cm 3 the screening correctiofs;,,) is close
to unity for E,=24.1A22. Therefore a good approximation

2 _NJI2 _ -2y
:2_77 nnch_ A?|Cyo+Cys z N‘ [Zy 1J2re for @y, o— P, at all neutrino energies would simply be
h Vv 2A | y given by Eq.(A49) multiplied by (Siyy), i.€.,
2-3y+2y’—(2+y)e ¥
_ y y 3( y)e ' (A49) 2 GZ ) Z—N 2
y (DOV—A_¢1V—A:7 Mnue A% Cyot+Cy1 oA
where X[Zy_1+e—2y
" E2 2 2(1.07A)%%2 A0 y?
Y= T3 (ho)? (A50) 2—-3y+2y’—(2+y)e ¥ (50
- 3 ion/ -
Here the superscript “high” is a reminder that this expres- y
sion for @y, o—P4,.5 is valid only at high neutrino ener- (A51)

gies.
To obtain an expression fdp;,.o— Pg,.5 appropriate for  This is the expression used for neutrino-nucleus isoenergetic
any neutrino energy, note that the expression involyirig scattering in our supernova code.
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