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Neutrino capture and r-process nucleosynthesis
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We explore neutrino capture durimgprocess nucleosynthesis in neutrino-driven ejecta from nascent neu-
tron stars. We focus on the interplay between charged-current weak interactions and element synthesis, and we
delineate the important role of equilibrium nuclear dynamics. During the period of coexistence of free nucleons
and light and/or heavy nuclei, electron neutrino capture inhibits theocess. At all stages, capture on free
neutrons has a larger impact than capture on nuclei. However, neutrino capture on heavy nuclei by itself, if it
is very strong, is also detrimental to theprocess until large nuclear equilibrium clusters break down and the
classical neutron-capture phase of thprocess begins. The sensitivity of thgrocess to neutrino irradiation
means that neutrino-capture effects can strongly constrain-fhiecess site, neutrino physics, or both. These
results apply also to-process scenarios other than the neutrino-heated wji80856-28188)05012-2

PACS numbep): 26.30+k, 26.45+h, 13.15+¢g, 14.60.Lm

I. INTRODUCTION an important effect in stellar nucleosynthe@ipart from nor-
mal beta decay and electron capjuraeutrinos so com-

It has long been known that threprocess of nucleosyn- pletely dominate the environment just outside a newly born
thesis is responsible for roughly half the solar system’s supreutron star that their effects must be included in nucleosyn-
ply of heavy nucle[1,2]. Nevertheless, the astrophysical site thesis calculations done in the context of neutrino-driven
or sites of ther-process remain a great mystery. The highejecta. Initially, the electron fraction above the surface of the
neutron densities and rapid time scales associated with theeutron star is set primarily by electron neutrino and electron
r-process suggest core-collagégpe Il or type 1) superno-  antineutrino capture on free nucleons. Other neutrino capture
vae as the most likely setting, but the exact environmeneffects occur, however, and have been studied. Meyaeit.
within supernovae is unclear. The most plausible environ{4] included neutral-current spallation of neutrons from nu-
ment yet proposed is the neutrino-heated ejecta from the na&lei in one of their models. They found some smoothing of
scent neutron staf3-7]. Neutrinos from the Kelvin- the resultingr-process distribution, but the overall effect on
Helmholz-cooling neutron star heat matter strongly. Giverthe r-process yields was small. This was also studied by
sufficient heating, this material can escape the deep gravit®ian et al. [11]. Meyer[12] then showed that spallation of
tional well and travel into interstellar space along with theabundant'He in wind trajectories studied by Woosley al.
rest of the stellar ejecta. Necessarily, this neutrino heating7] had a large, detrimental effect on theprocess. Fuller
drives the entropy per nucleon to a large valtelOCk, and Meyer[13] and McLaughlin, Fuller, and Wilsohl4]
where k is Boltzmann's constant Crucially for the studied charge-current interactions on free nucleons and nu-
r-process, the emerging electron antineutrinos come fronglei during expansions of neutrino-heated ejecta. The key
deeper in the neutron star than the electron neutrinos. Thinding in those works was the strong “alpha effect” in
results from the larger opacity of the latter in the interior of which the electron fraction grows rapidly 4sle nuclei as-
the neutron star. As the neutrinos and antineutrinos capturgemble in the presence of a large neutrino flux. We verify
on free neutrons and protons in the heated ejecta, the hott#his effect in Sec. V, and show that of all neutrino effects, it
antineutrinos drive the matter neutron ri@l. The high en- has the largest impact on theprocess yields.
tropies, fast expansion, and neutron richness of the ejecta Neutrino capture on heavy nuclei in competition with
may provide the right conditions for makingprocess nu- nuclear beta decay provided limits on supernova dynamics
clei. However, present supernova models with standard nedrom ther-process, although significant capture on the mass
trino physics do not attain the extreme conditions needed taumberA=130 peak was not necessarily excludég,15.
make the heaviest-process isotopes. The necessary condiHowever, establishing steady weak fldghe analogue of
tions conceivably could be realized by invoking general relasteady beta floywould require a long timescalex(1 s) and
tivistic effects, though these models are finely tuned at begsherefore many neutrino capturg€s5|. Following on these
[9,10]. As we will argue, however, even if these necessarystudies and work by Nadyozhin and Parjdé], Qian et al.
conditions could be attained, they are sofficientto guar-  [11] proposed that neutrino capture was needed to accelerate
antee a viable-process. ther-process. The basic idea is that neutrino capture acts like

While neutrino interactions with nuclei are generally notbeta decay in moving nuclei to higher charge. Faster move-
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ment upward in charge is a fastesprocess. This scenario (4). In this section we describe our calculations of the cross
would also require many neutrino captures. sections for these neutrino processes. We also discuss our
We show in this paper that if neutrino capture on nuclei isestimates of neutrino-induced neutron emission processes,
significant compared to nuclear beta decay, then other effectghich have been included in the network calculations. In
will destroy the possibility of any -processing at all. The calculating all capture rates, we assume that the distribution
basic reason for this is simple: neutrino capture on a fre@f neutrinos coming from the proto-neutron star is Fermi-
neutron is much faster than on a neutron bound inside ®irac with zero chemical potential. Though the actual neu-
nucleus because the former has many more final states avaitino and antineutrino distribution functions will deviate
able. For example, the neutrino capture cross section of blackomewhat from our assumed spectral form, this will not
body neutrinos with temperaturé, =3.5 MeV on a free change our qualitative conclusions.
neutron is about 1810 %! cmm?. The cross section for the For typical neutrino energies in the supernova, the nuclear
same neutrinos on a neutron bound instd®d, a typical channels most important for electron neutrino and an-
r-process nuclide, is about 8@0 “3cn?. During the tlneut.r_lno capture are the a!lowed Fermi and Gamow-Teller
r-process, the abundance of neutrons inside and outside nfiansitions. The corresponding operators are
clei are comparable; thus, capture of a neutrino by a heavy

A 2
nucleus will be accompanied by-(5-10) captures on free .
neutrons. This strongly depletes the supply of free neutrons |MF|2:‘<¢f|Cv241 ()| )| 5
and limits ther-process. This process is similar to the alpha
effect and is examined in Sec. V. Furthermore, as we show in A 2
Sec. VI, each neutrino capture on a free neutron leads to IMat2=|(|Ca>, o(i) (D)) (6)
assembly of new heavy nuclei, further depleting the supply i=1

of free neutrons per seed nucleus.

In addition to these considerations, we show in Sec. Vllwhere the sums run over each of thenucleons in the
that neutrino capture on heavy nuclgione if it is very  nucleus. The Gamow-Teller strength obeys the lkeda sum
strong, does not accelerate th@rocess but rather strongly rule, ng—SB+=3|N—Z|. For neutron-rich nucleiSg- is
limits it. This surprising result comes about because of thehe Gamow-Teller strength in the neutrino-capture direction,
quasiequilibrium nuclear dynamics in the early part of thewhile S;+ corresponds to the antineutrino capture direction.
matter expansion. We describe these nuclear dynamics ior very neutron-rich nuclei, the antineutrino capture direc-
Sec. IV. A proper understanding of these effects is importantion is Pauli blocked,+ =0, so the corresponding transition
for any who seek to use theprocess to constrain supernova rate is zero. In these cases, the rate of antineutrino capture is
neutrinos. negligible in comparison with neutrino capture since there is

The strong sensitivity of the-process to neutrino irradia- no Fermi resonance in th@" direction.
tion presents a great challenge. In particular, the effects we In order to fully determine the effect of neutrino interac-
explore here constrain either tleprocess site or neutrino tions during ther-process we need rates, cross sections and
physics. We present some remarks on the implications of oyparticle emission probabilities for a wide range of nuclei.
work in Sec. VIII. Preliminary results were presentedid].  Although it would be desirable to use shell model and con-

tinuum random phase approximatid@RPA) calculations
II. NEUTRINO-CAPTURE CROSS SECTIONS for each nucleus, this is clearly impossible at present. There-
) ) ) fore, we adopt a simpler, more feasible approach using the

Electron neutrino and antineutrino capture on free neusjngle particle shell model. Where possible, we have verified
trons (1) and protons ), that our results agree within reasonable errors with more de-
tailed calculations.

The matrix elements and capture rates are calculated as
described i 13,18, with some improvements. Most of the
Fermi strength and Gamow-Teller strength is often collected
play an important role in am-process environment with a in resonances. The Fermi resonance is narrowly collected in

large neutrino flux. In a supernova, antineutrinos have & single state, while the Gamow-Teller resonance has a wider

higher average energy and a higher luminosity than neutrigiistribution. We have modified our calculation to account for

nos, causing the material in the neutrino-driven wind to behiS width. This alteration has a relatively small impact on
the overall transition ratesee[18]), but can have a slightly

neutron rich. In the following sections we discuss additional X ! ! altt X
effects which arise from the process in Hd). We also larger impact on particle spallation, which is described be-
low. Another modification is the inclusion of a full integra-

consider effects stemming from electron neutrino and an:; X .
tineutrino capture on heavy nuclei tion of the Coulomb wave correction factor in the phase
' space integral. Our network has also been extended to in-

ve+nN—p+e; D

Vet p—n+e’ 2

vet+(Z,A)—(Z+1A)+e”; (3)  clude proton-rich nuclei, although in a robusprocess, rela-
tively few of these appear. In a few cases where comparison
Vet (Z,A)—(Z-1A)+et, (4)  is possible, our results are in reasonable agreement with cal-
culations done using CRPRL1].
where Z is the nuclear charge amll the nuclear mass of In addition we have included neutrino-induced neutron

species Z,A). Since the material undergoing synthesis isemission processes. For the very neutron rich nuclei typical
neutron rich, in general Eq3) has a larger impact than Eq. of the r-process, several neutrons will be emitted after
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neutrino-induced excitations to the Gamow-Teller and Fermivhere g5 is the effective relativistic particle statistical
resonances. We calculate the number of neutrons emitted hyeight. In our numerical calculations, we include not only
comparing the neutron separation energy plus kinetic energihe relativistic photons in our equation of state but also the
of each emitted neutron to the excitation energy of thepartially (in general relativistic et —e~ pairs and the non-
nucleus. An estimate of the kinetic energy of an emittedre|ativistic nuclear species where appropriate. Including non-

neutron Is relativistic degrees of freedom in a reckoning of the entropy
. results in a somewhat different behavior fothan that given
f(E) “She2p(E* —S,—e)de in Eq. (12) (see below.
(E)~—& (7) We performed our calculations with the Clemson nucleo-

E*-S, _ _ !
Jo ep(E*—S,—e)de synthesis cod¢12,20,2]. This is a fully implicit, single-

network code that includes over 3000 nuclear species rang-
ing from neutrons and protons to actinide nuclei. The

. o
gas n:ﬁdel. HtereE. 1S thet'excnanon ene(rigytr(])f tlf:1e ngcleus, reaction network used for the present calculation included
Sy Is the neutron separation energy, an € mermi gas isotopes for each element from the proton-drip to the
constant. For multiple neutron emission, we examine the ex- - .
) i neutron-drip lines. We used neutrino-capture rates computed
cited state and neutron separation energy of each success%{g in Sec. Il The neutrinos were taken to have Eermi-Dirac
daughter nucleus when calculating the average kinetic en- ) .t ith hemical potential and with t
ergy carried away by the neutrons. We adopt this approacﬁnergy S;zec rf with zero cdkenllc_a potential ahd with tem-
over a wide range of nuclei. We have compared our results tBerature TVe._3'5 MeV andkT; =4.0 Mev. .Because we
the neutrino-induced neutron emission probabilities calcuare not studying neutral-current effects in this paper, we ig-

lated with the statistical mod¢l1] and found them to be in nored thew and 7 neutrinos. The luminosity in electron neu-

where the level density ip(e)xexg2(ae)*?] in the Fermi

reasonable agreement. trinos was taken to be ¥bergs/s while that of the electron
antineutrinos was taken to bex4.0°! ergs/s. The large dis-

lIl. DETAILS OF THE ELUID DYNAMICS crepancy in the electron neutrino and anti-neutrino luminosi-

AND NETWORK CALCULATIONS ties was necessary to provide ejecta that were neutron rich

enough to guarantee threecessaryconditions forr-process
Our primary interest is to study the neutrino-capture ef-nucleosynthesis to occur.

fects in neutrino-heated ejecta from nascent neutron stars. All of our calculations were performed at constant en-
The relevant fluid trajectories are then neutrino-driventropy. In the true expansion out-of-equilibrium nuclear reac-
winds. Such winds have been studied in several paj@egs, tions during the expansion generate entropy. Nevertheless,
[6,7,10,19). A simple estimate of the wind parameters canfor sufficiently high entropygreater tham-50k per nucleoh
be obtained by assuming a constant entropy and radiationhe generated entropy has little effect on the nuclear abun-
dominated outflow where the enthalpy per baryon is equatedances[22]. Our technique was the following. We began
to the gravitational potential per baryon. With these assumpwith r,=5.6 km, an entropy of 130per nucleon, a density
tions and the additional assumption that the mass outflowsf 2 x 108 g/cn?, and an expansion timescate=0.3 s. This
rate (M=4mr2pv) is constant with time, then it can be corresponded to an initial temperature f=T/10°K ~40.
shown that the ejected matter expands homologously suchhe temperature and density track at this early stage has little

that the radial outward velocity is effect on the resulting nucleosynthesis. We only extend the
beginning of the calculation to such high temperatures to
ver, (8) ensure that at =10 our nuclear reaction calculations begin

with an electron fraction that accurately represents a steady
wherer is the radial coordinate. Solution of E) yields state between neutrino and antineutrino capture rates, with a
small contribution from electron and positron capture. At
r=rqexpt/r), (99  each time step+ At, we updated the radiugt+ At) [Eq.
(9)] and densityp(t+At) [Eq. (11)]. We then estimated the
wherer is the initial radius andr is the constant expansion new temperaturd (t+ At) and updated the abundancég
time scale + At) with the nuclear network. We next computed the en-
tropy by inverting the relevant integral equations for the
T=r/v. (10 electron fraction and the entrop22] and compared the new
entropy att + At with the old entropy at. If the entropies at
With the above assumption of constant entropy and an as-andt+ At did not agree, we tried a new temperature and
sumed=1/r scaling for the enthalpy per baryon, the densityrepeated the procedure. Once we four(d+ At) such that
p scales as the entropies agreed, we moved on to the next time step.
Figure 1 shows the trajectory for our reference calculation
por 3, (1) in which neutrinos were “turned off’ after the matter had
cooled below Tq=10. The solid line gives the actual
This follows because an equation of state completely domitemperature-time or temperature-radius relation while the
nated by relativistic particles has an entropy per baryon, dashed line gives the result for a purglyT® case. The
5 5 actual network calculation does not follow the simple
2m° 1 T (12) «1/r expected ifpc T3, Rather, there is heating of the matter

S~ 75 N9 due toe* —e~ annihilations fromTg~8-0.8, that is, from



PRC 58 NEUTRINO CAPTURE ANDr-PROCESS NUCLEOSYNTHESIS 3699

2.0 ' ' that the outflow velocity is proportional to the radial distance
from the neutron star. In such a case, the density of a wind
1.5¢ T 1000 element falls exponentially with the time. This means the
0 = density could be declining so rapidly that theprocess
o 1.0F S would freeze out before all the neutrons could be incorpo-
£ 4100 o . . . . .
E= ) rated into nuclei. The perceived need to circumvent this
05k freezeout problem by accelerating theprocess with neu-
1o trino capture motivated some of the previous studies of neu-
0.0 : - trino capture during the-process.
10.0 1.0 0.1 The next sections will show that rapid neutrino capture

To certainly would solve this potential problem, but at the rather

FIG. 1. The temperature-time or temperature-radius trajectorflrastic cost of eliminating the possibility of teprocess in
for the reference expansigmodel 0, shown as the solid line. The the first place. On the other hand, for theprocess to suc-
dashed curve gives the trajectory for matter completely dominate@€ssfully occur in neutrino-heated ejecta, matter must travel
by relativistic particles, for whiclpocT® and T« 1/r. The reheating out sufficiently rapidly to escape the harmful effects of the
in the reference expansion results from the annihilation of electronneutrinos. This would appear to call for a very rapid expan-
positron pairs, just as in the early universe. sion with the attendant difficulty of freeze-out before suc-
cessful incorporation of neutrons into nuclei. The solution to
about 0.5-1.2 seconds in the expansion. This is preciselthis dilemma is likely to be that neutrino-driven winds can-
analogous to the electron-positron annihilation that occurregiot continue to accelerate so rapidly that the nuclear reac-
in the early universe. This is also evident in Fig. 2, whichtions would freeze out before tieprocess finished. Neutron
shows the entropies in the leptons, photons, and nuclear speapture can occur rapidly even in relatively cold matter down
cies during the expansion. The leptons transfer their entropgo densities of order 1-10 g/cc, and it is unlikely that neutron
into the photons rather dramatically, especially arodigd star matter would be able to expand homologously from neu-
=3-2, as the pairs annihilate. The decline in entropy intron star densities down to this low value. At some distance
nucleons results from nuclear reactions that lock free nuclethe acceleration provided by the neutrinos declines and the
ons into nuclei, thereby reducing the number of degrees afmatter from then on would travel out with a more or less
freedom per nucleon. The gradual drop in the entropy irconstant velocity. In this case the density declines only as the
nuclear species fronTo=2 down to T¢<<0.2 signals the inverse square of the time for constant mass loss. This is
classicalr-process phase in which free neutrons are beingnuch slower and would allow the-process to occur.
incorporated into heavy nuclei. The calculation proceeded

until the abundanc¥,, of free neutrons per baryon dropped
to below 102, IV. THE r-PROCESS

With our chosen conditions, final reaction freezeout oc-  Before presenting the details of the nucleosynthesis cal-
curred atTo~0.5, a radiusr~1000 km, and a density of cyations, it is useful to review the basics of therocess. A
about 35 g/cc. A faster expansion could lead to freezeout g§roper understanding helps clarify neutrino effects.
an even greatgr radius and smaller density. A very fa§t €X- The nuclear dynamics of matter expanding from high den-
pansion potentially poses problems for thprocess. As dis-  sjty and temperature is probably best viewed as a descent of
cussed above, wind matter may expand homologously sudie hierarchy of statistical equilibrig21]. Each equilibrium

is an entropy maximum subject to some number of con-

— 120¢ ' ' i straints on the nuclear populations. The top of the hierarchy
100 - T is the equilibrium with the fewest constraints. As the matter
S [ expands and cools, some nuclear reaction becomes too slow
S 80 b ] to maintain that equilibrium. This imposes a new constraint
] e -/ ] on the equilibrium. With further expansion, other reactions
3 5 X become too slow, and new constraints appear. Reaction
> 40F TN ] freeze-out occurs when there are the maximum possible
e 20 3 \\ ] number of constraints on the nuclear populations. It is useful
5 : N\ to note that the greater the number of constraints, the greater
ot ' eocooooo ] the order. Order emerges in such systems as the number of
10.0 1.0 0.1 states available to the system increasingly falls short of the
Ts maximum possible.

FIG. 2. The entropy per nucleon in units of Boltzmann’s con- In ther—process,'matter can begin gt sufficiently high .tem-
stant k in nuclear speciegsolid curve, photons (short-dashed perallt'ur'e and density that the nuclei are in weak stat'St'Cal
curve, and leptonglong-dashed curveduring the reference expan- €duilibrium (WSE). Here all strong, electromagnetic, and
sion. The entropy is a constant throughout the expansion, so th&/€ak interactions among nuclei proceed sufficiently rapidly
constituent entropies always sum to kiper nucleon. The pair that the only constraints on the equilibrium are that charge
annihilation betweeTo~3 andTy~1 shifts entropy from the lep- neutrality holds and that the baryon and lepton numbers are
tons to the photons. The entropy in nuclear species declines as fré&ed, as is the energy if the matter comprises an isolated
nucleons lock up into heavier species. This decreases the number ®ystem. To find the particle abundances in this equilibrium, it
degrees of freedom per nucleon. is only necessary to specify the temperaflirand densityp.
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An entropy maximization via Lagrange multipliers yields

beta equilibrium Ye:g ZY(Z,A), (20
Hp™ e = Hn T Mg, (13 where the sum runs over all nuclear species including free

. , . . nucleons. All other reactions proceed rapidly to maintain
where the differenf’s are (total energy chemical potentials equilibrium. This new equilibrium, nuclear statistical equi-

for protons, electrons, neutrons, and electron-type neumnoﬁbrium (NSB), is an entropy maximum just like WSE, but

respectlyely. This equation indicates equilibrium in the mtgr-now has the extra constraint ofy . The NSE abundances are
conversion of neutrons and protons by the weak mteracﬂor;@1
p

. ; . given by Eq.(18), but these must now satisfy EQO) in
induced by electrons anc_l/or positrons and electron neutrin ace of Eq.(13). The extra constraint on NSE locates it
and/or electron antineutrinos. Another result is

lower in the hierarchy of statistical equilibria than WSE. It is
important to understand that the constraint Yandoes not
mean it is fixed in time, rather that it changes more slowly
which indicates, for example, electromagnetic equilibriumthan needed to maintain WSE. All other reactions are occur-
between electrons and positrons. Finally, the chemical poteriing rapidly.

Met= = He, (14

tial for nuclear speciesZ,A) with charge numbeZ and The next reactions during the expansion to become too
mass numbeA satisfies slow are usually the three-body reactions that assemble alpha
particles into heavier nuclei. In the neutron-rich matter re-
w(Z,A)=Zpp+Nun, (15  quired for ther-process, these reactions are triplda+ o

_ _ + a—17%C) and the®Be sequencéa+ a+n— °Be followed
whereN=A—Z is the neutron number for that species. Thepy 9Be(,n)12C]. Among strong and electromagnetic reac-
ideal Boltzmann gas expression for the chemical potential Ofions, these can be the slowest because they require three

the nuclear species is instead of the usual two particles to collide. The slowness of
these reactions keeps the system from maintaiMpg the
Y(Z,A) g i
w(Z,A)=m(Z,A)c2+KT In| c—o—~ |, (16)  abundance of heavy nucléie. those nuclei wittA=12), at
Yo(Z,A) the full equilibrium value. The definition of, is

wherem(Z,A) is the mass of nuclear specieg, ), k is
Boltzmann'’s constantT is the temperatureY(Z,A) is the Yh:ZA>12 Y(Z,A), (22)
abundance per nucleon oZ(A), andYq(Z,A) is the quan- T

tum abundance of nucleuZ(A) per nucleon.Yo(Z,A) IS 5nq the slowness of the three-body reactions now constrains

given by Y, to a specified value. Nevertheless, all other strong and
312 electromagnetic reactions proceed rapidly. The resulting

YQ(Z,A):(m(Z’A)ZkT) G(Z’A), (17)  equilibrium is called quasiequilibriunfQSE [23]. In it
2mh pNa heavy nuclei are all in equilibrium with each other under the

exchange of light particlen(p, «), although the number of
heavy nuclei differs from that in NSE. The abundances in
QSE are given by21]

whereG(Z,A) is the nuclear partition function ofZ(A) and

N4 is Avogadro’s number. It is useful to note that the quan-
tum concentratiomg(Z,A)=pNaY(Z,A) is the number
density associated with one nucledsA) in a cube of side YQSEZ, A) = e#n/KTRZRNYNSE 7 A) (22)
roughly equal to the thermal average de Broglie wavelength ’ prn o

of that nucleus. The resulting nuclear abundances P&Rhere u;, is the chemical potential of heavy nuclghe en-

nucleon are thefsee[1]) ergy required to add a new heavy nucleus at constant en-
VAT: N tropy), Rpy=Y,/Y}p°F and R,=Y, /Y% are the overabun-
Y(Z,A)=YQ(Z,A)(—p) ( ”) exp(B(Z,A)/KkT), dances of neutrons and protons compared to NSE, and
Yop/ | Yan YNS§Z,A) is the NSE abundance oZ(A) at the samd, p,

(18) and Y, as the QSE. The QSE abundances must satisfy

baryon number conservation and E¢20) and (21), which

give three equations to solve for the three unknowns

Ry, andR,,. Itis possible to use Eq20) in solving for the

B(Z,A)ZZmpc2+ Nm,c?—m(Z,A)c?. (19 QSE or NSE solutions at a given instant of time even though
the (out-of-equilibrium) Y, is changing, as long as it is

The first reactions to become too slow to maintain full changing on a timescale slow compared to that for the reac-

equilibrium during the expansion are usually the weak intertions in equilibrium. The same is true for ER1) and a

actions. First the electron and positron capture reactions draglowly changingY,, in QSE.

out of equilibrium. Since the electron neutrino and an- A clear picture of the QSE aspect of the expansion of

tineutrino capture reactions drop out later, the electron fracr-process matter is important for understanding the effects of

tion is essentially determined by the neutrino reactions. Afteneutrino capture. One might suppose that neutrino capture on

the weak reactions become slow, the electron-to-nucleoneutron-rich nuclear species simply increases the average

fraction Y is not its WSE value and must now be specified.nuclear charge. In a QSE, however, the nuclei are all inter-

Y. is given from charge neutrality by locked in a large competitive equilibrium, and the abun-

where the nuclear binding ener@(Z,A) of species Z,A)
is
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dances are set by a Darwinian struggle among the specie¥., andY,, as in the network calculation. By4=6.03, the
The “fittest” species tend to win(i.e. have large abun- nuclear populations have already fallen out of NSE because
dance} and these are nuclei with strong nuclear binding.of the slowness of the three-body reactions assembling heavy
Neutrino capture increases.. An increase ofY, leads to nuclei. The abundances are, however, very accurately in
more proton-rich nuclei in QSE. Protons would be lessQSE. The QSE is maintained through=4.93, although the
bound in such nuclei, so it is possible that the QSE couldQSE and NSE are strongly diverging. By=4.64, an abun-
adjust itself by disintegrating some protons from nucleidance peak aZ=50 is building up, but the network abun-
which would thereby lower the average nuclear charge. It islances are not keeping pace because of the slowness of the
only after the QSE breaks down that neutrino capture wouldhuclear reactions that carry nuclei to higher charge. The nu-
unambiguously increase the average nuclear charge. We itlei have fallen out of the large QSE cluster that contained
lustrate these effects in Sec. VII. all of the heavy nuclei. A larger number of more restricted
The large QSE among all heavy nuclei breaks down whemQSE clusters is now present, so the system has dropped in
certain reactions among the heavy species become too slawe hierarchy of statistical equilibria. Blyy=4.02, the abun-
to maintain the equilibrium. At this point the nuclear systemdance distribution is very different from that of the single
breaks up into smaller QSE clusters. The nuclei within thes¢éarge QSE. Interestingly, the abundances are dominated by
clusters are in equilibrium under exchange of light particlesthe single isotope“Kr with nearly 19% of the masgthe
but the clusters are not in equilibrium with each other. Nowremaining mass is in free neutrons and alpha panliclEsis
the number of nuclei in each cluster is slowly changing andsotope serves as the initial seed nucleus for neutron captures
must be specified. The abundances of species in cluster  during the subsequent “classicalf-process phase of the
then expansion. ByT4=2.98, some beta decays have already
_ 0 shifted matter to higher charge, but theprocess has only
Y(Z,A)=en KTRERIYNSE Z, A), (23)  just begun. An mpeg movie of Fig. 3 is available for viewing
) at the web site http://photon.phys.clemson.edu/movies.html
whereu()) is the energy required to add a nucleus into clus-Other movies at that site show the development of QSE clus-

ter j at constant entropy. ters and the evolution of the abundances.
As more of the nuclear reactions become slow due to the

cooling, more QSE clusters appear. For neutron-rich matter,
the QSE clusters tend to break up into isotopic chains of a
given Z, that is, clusters of nuclei in equilibrium under the  We ran a total of eight models. These are summarized in
exchange of neutrons but not protons or alpha particles. Thigable I. In all cases the initial conditions were those of the
is the so-called rf,y) —(y,n) equilibrium of the classical reference calculatioimodel Q as were the neutrino tem-
r-process phase. Charged-particle strong and electromageratures and luminosities. In all casesTat 10 the mate-
netic reactions have become too slow, so nuclei can onlyial begins in weak steady state, which is set primarily by the
move from oneZ to the next now by either nuclear beta neutrino and antineutrino capture reactions. Belbyy 10,
decay or neutrino capture. The abundances in ajy)(  the neutrino effects varied with the model. For example, in
—(y,n) equilibrium isotopic chain are simply found from model 1, neutrino capture on free nucleons and nuclei was
Eq. (23) since these nuclei all belong to the same QSE clusedisabled belovf = 10, but neutrino capture on heavy nuclei
ter: was turned back on fofg=<3. For model 2, neutrino capture
3 on both free nucleons and heavy nuclei was disabled below
—Y(Z’A+1) _(L) ( m(Z,A+1) exp(S,(Z,A+1)/kT) To=10, but both were turned back on fog<3. For model
Y(Z,A) Yon/\ mM(Z,A) ' ' 3, neutrino capture occurred on free nucleons and heavy nu-
(24 clei throughout the expansion.
We investigated in detail models 0 through 3 to see the
effects of neutrino capture during theprocess. Figure 4
S\(Z,A+1)=m(Z,A)c+m,c?—m(Z,A+1)c2. (25 shows the final abundances versus nuclear mass number for
each of these models. There is only a slight difference be-
Equation(24) is the classic equation relating the abundancegween models Qno neutrino effects belowy=10) and 1
of neighboring isotopes inn( y) — (y,n) equilibrium[1]. (neutrino capture on heavy nuclei beldw=3). The curves
The (n,y) — (,n) equilibrium eventually breaks down as show strongA=130 andA= 195 abundance peaks, with the
neutron-capture and disintegration rates become too slowvatter larger in abundance. These models have experienced a
Even smaller QSE clusters appégypically as adjacent pairs robustr-process. By contrast, model(Beutrino capture on
of even and oddN isotope$, but these equilibria quickly heavy nuclei and free nucleons beldw=3) shows anA
break and the-process freezes out. The neutron-rich nuclei=130 abundance peak, but neutrino captures on free nucle-
simply beta decay back to the stability line. ons during the -process phase has prevented the run up to
Figure 3 illustrates some of these ideas. Shown are thA=195. Finally, model 3neutrino capture on heavy nuclei
elemental abundances for several temperatures during tlend free nucleons on throughout the expansiimows no
reference expansion. The solid curve gives the abundancé&sprocess. The mass is largely concentrated in three nuclear
from the actual network calculations. The dashed curvespecies®Sr, 8%, and®°Zr. Neutrino capture has completely
shows the NSE abundances at the same temperature, densjtyevented the-process in this case.
andY, as in the network calculation, while the dotted curve The ‘“success” of anr-process expansion in making
gives the QSE abundances at the same temperature, densitggavy species depends &) the ratio of the abundance of

V. NUCLEOSYNTHESIS RESULTS

where the neutron separation ene&)yZ,A+1) is given by
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FIG. 3. The elemental abundances at six instants during the reference expansion. In each panel, the solid curve gives the abundances from
integration of the nuclear reaction network. The dashed curve shows the NSE abundances for the same temperature, d&resityn dmel
network calculation. The dotted curve shows the QSE abundances for the same temperature, jgnaityl Y|, as in the network
calculation. ByT¢=6.03, the abundances have already fallen out of NSE. However, they remain in QSE dowrTheldwAs the QSE
distribution shifts to higher charge, the actual abundances cannot keep pace, and the system falls further in the hierarchy of statistical
equilibria. More QSE clusters develop. The system eventually breaks dowminip- (y,n) equilibrium in which nuclei are in equilibrium
only under exchange of neutrons. This is the “classicalfrocess phase of the expansion.

free neutrons to that of the heavy seed nuclei that capturphase of the expansion. Since the average heavy nucleus has
those free neutrons during theprocess. The largeR is, the  mass number-100 at this point, the final average heavy
more neutrons each nucleus will capture on average, anducleus has a mass numbed 70. In the reference calcula-
consequently, the heavier the final nuclei produced. Figure fion (model 0, R declines gradually as the temperature falls.
showsR in models 0 through 3. In models 0, 1, andRjs  This is due to the capture of neutrons by nuclei during the
about 70 atT¢= 3, roughly the beginning of the-process r-process. Model 1 follows suit, although the neutrino cap-
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TABLE I. Parameters for our eight model calculations. For all calculations, the entropy was a constianiet Iucleon andI'Ve
=3.5 MeV andT;e=4.0 MeV.

Model L, (ergs/s Ls, (ergs/s Ve, Ve-Capture on free nucleons v, ,ve-capture on nuclei Other comments
0 10t 4% 10 for To=10 No Reference calculation
1 10t 4x10°r  for T4=10 for To=10 andTy=<3 —

2 10! 4x10°1  for Tg=10 andTy=<3 for Tg=10 andT,<3 —

3 10t 4% 10 On throughout On throughout Most realistic

4 10t 4% 10 for Tg=10 andTo<3 for Tg=10 andT¢<3 No 3H(a,y)Li

5 10°2 4x10% for Tg=10 for Tg=10 andTy<7 —

6 10°2 4% 107 for Tg=10 for Tg=10 andTy<5 —

7 10°2 4% 107 for To=10 for Tg=10 andTy<3 —

ture by heavy nuclei folf =3 slightly enhances the rate of expansion by the interactions of neutrinos and anti-neutrinos

increase of nuclear charge and thereby lowRra little for ~ with free neutrons and protons. The antineutrinos, which

each temperature. In model 2, howev@rplummets drasti- capture on protons to make neutrons, have a higher tempera-

cally once the neutrino captures are enabled belgw3.  ture and luminosity than the neutrinos, which convert neu-

The only difference between models 1 and 2 is that model 2rons into protons. This gives rise to the low steady-state

includes neutrino capture on free nucleons which must theresalue ofY,. For model 0,Y, stays low until ther-process

fore be the cause of the large dropRn Finally, in model 3, begins at abouTy=3, thenY, rises due to the nuclear beta

R drops to zero before theprocess can even begin. decays that increase the nuclear charge. Model 1 shows simi-
The effects of neutrino capture are also apparent in Fig. 8ar behavior, althouglY, increases slightly faster due to the

which showsY . for models 0 through 3Y, is set early in the added effect of neutrino capture on heavy nuclei. By con-
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FIG. 4. Final mass fractions as a function of nuclear mass numb¢a)fanodel O(the reference calculation(b) model 1(neutrino and
anti-neutrino capture only on heavy nuclei foy<3), (c) model 2(neutrino and antineutrino capture on free nucleons and heavy nuclei for
Ty=3), and(d) model 3(neutrino and antineutrino capture on free nucleons and nuclei throughout the expafgiobustr-process has
occurred for models 0 and 1 allowing production of the-195 peak nuclei. In model 2, the resultingprocess is less robust—the
=195 peak is not present. In model 3 there is no production of hegrgcess nuclei.
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FIG. 7. The abundance of heavy nuclee., those nuclei with
A=12) per nucleon for models (solid curve, 1 (dotted curve 2
(short-dashed curyeand 3(long-dashed curye Neutrino capture
on free nucleons enhances production of heavy seed nuclei. This
strongly reduces the neutron-to-seed raf and limits the
r-process. Notice the rise ivi, in the reference calculatiofmodel
trast, model 2 shows a much more rapid riseYinbelow ) for To<2. This results from the late assembly of alpha particles
To=3. Again, this is due to neutrino capture on free neu-into heavy nuclei via ther+ .+ n— 2Be followed by°Be(a,n)*2C
trons. We note that the number of free neutrons per nucleoreaction sequence.
at Tg=3 is 0.38 while the number of neutrons locked up into

heavy nuclei -is 0.34. A neutrino capture by either a bound ofpe possibility of making high-mass nuclei by depleting the
free neutron increases, by the same amount, and the num- ;5ply of free neutrons. It also increasés, the number of
ber of bound and free neutrons is about the same. The rathggayy nuclei. This in turn lowerR. Figure 7 showsY}, in
strong difference between models 1 and 2 is due to the muchggels 0 through 3. In the reference calculatiorodel 0
larger cross section for neutrino capture on free Neutrong yises to about 0.005 &t,=5 and then increases slowly
than on bound neutrons due to the larger number of finaom that point on. The small rise fdiy~3 comes from late
states available to the former. Neutrino capture on a fréggsemply of heavies via the+ «+n reaction. Becaus¥,,
neutron decreases the number of neutrons available for irl:‘hanges only slowly foffs<5, the nuclear populations are

corporation into nuclei. For these simple reasons, neutring, 5 large QSE. The subsequent evolution is to break that

capture during the-process on balance must hinder the Pro-jarge QSE into smaller QSE clusters and eventuatiyy]
duction of high-mass nuclei. Model 3 shows an even more_(y n) equilibrium, as described in Sec. IV.

dramatic rise irY, . For this modelY . quickly rises to about Model 1 behaves exactly the same as model 0, and there

0.45 and changes little for the rest of the expansion. Thigs hg perceptible difference in the number of heavy nuclei in
drastic behavior partly reflects the classic alpha effect ideng,q two models. In model 2. however. the effect of neutrino

tified in [_13’14]' i . capture on free neutrons dramatically increases the number
Neutrino capture on free neutrons does not simply hindep heavy nuclei fofTg< 3. The exact mechanism for produc-
tion of new heavy nuclei is discussed below in Sec. VI. In
0.50 ' ' model 3, the number of heavy nuclei shoots up betwkEgn

FIG. 5. The neutron-to-seed raf®in models 0(solid curve, 1
(dotted curveg, 2 (short-dashed curyeand 3(long-dashed curye
Neutrino capture on free nucleons strongly reduBeduring the
expansion and thereby hampers thprocess.

0.45 =6 andT¢=5 to a large value and then stays constant.
The reason for the sudden riseYp for model 3 may be
0.40 seen in Fig. 8, which presents the mass fraction of alpha
. particles for models 0 through 3. First we discuss the other
> 0.35 i - :
models. The evolution of the alpha particle mass fraction,
0.30 X4, in models 0, 1, and 2 is nearly the same. Rsdrops
below 10, neutrons and protons begin to assemble into alpha
0.25 particles. X, peaks at 0.46 at aboUty="7. The remaining
0.20 : : mass is in free neutrons. This correctly gives
10.0 1.0 0.1 Y.=X,/2=0.23 (cf. Fig. 6. X, then falls as the alphas as-
Ts semble into heavy nuclei. This assembly of heavy nuclei

slows down considerably beloWw,=4, and the alphas freeze
(dotted curvi 2 (short-dashed curyeand 3(long-dashed curve out vv_|th a final mass fraction of about 0.07. In model 2, the
In the reference expansiofmodel Q, Y, starts to grow as the neu'[,rmo captures ,On free neutrons Cau,se,s the alpha mass
r-process phase of the nucleosynthesis beginder3. It rises due fraction at first to rise and then to fall. This is related to the

to nuclear beta decays. From model 1, it is apparent that neutrinroduction of new heavy nuclei seen in Fig. 7. In model 3,

captures on heavy nuclei slightly enhan¢eduring the expansion. however,X, rises to a much higher value and also freezes
Model 2, however, shows that neutrino capture on free neutfons  Out at a much higher level. The reason for this is the so-
To<3) has a much larger effect o, than capture on heavy nuclei. called “alpha effect”[13].

Model 3 shows that neutrino capture on free neutrons early has an The alpha effect occurs when neutrons and protons as-
even greater influence due to the “alpha effect.” semble inta*He in the presence of a large flux of neutrinos.

FIG. 6. The electron fractioiy, for models O(solid curve, 1
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FIG. 8. The mass fraction of alpha particles in modelsd@id 200
curve), 1 (dotted curvg 2 (short-dashed curyeand 3(long-dashed
curve. In the reference calculatioimodel 0, the alpha mass frac- 150

tion grows to a value of about 0.45 {~7) as neutrons and protons

assemble into alpha particles and then falls again as the alphas 2 100

assemble into heavier nuclei. Models 1 and 2 follow suit, although M

neutrino capture on free neutrons affects the alpha masg for 50

<3 in model 2. For model 3, the alpha mass fraction grows to a

value larger than 0.8. This is the “alpha effect.” As protons lock up 0 , .

into “He nuclei, which are essentially inert to neutrino capture, on- 10.0 10 0.1

going neutrino capture on free neutrons leads to production of new T,

protons which in turn make new alphas. This strongly enhances the

resulting alpha mass, increasés, and reduce®, the neutron-to- FIG. 9. The average chard&) (upper pangland average mass
seed ratio. number(A) (lower panel of heavy nuclei in models Golid curve,

1 (dotted curvg 2 (short-dashed curyeand 3(long-dashed curye
The interaction of neutrinos with neutrons and antineutrinosn models 0, 1, and 2, the seed nuclei build up to about charge 40

with protons sets up a steady-state ratio of the abundance ahd mass 100 by the onset of therocess affg~3. In models 0
free neutrons to proton¥,/Y,. In the present models we and 1, nuclear beta decays and neutron captures during the
have initially Y,,/Y,=3.3. At high temperature, only free r-process then increag&) and(A). In model 2, however, neutrino
nucleons are present, s6,/Y,=3.3 corresponds to, capture on free nucleons creates new and lighter seed nuclei. This
=0.23. However, as protons lock up inftdle, which is causes the average charge and mass to drop before climbing again
largely inert to the neutrino interactions, /Y , rises rapidly. ~ as the assembly of new nuclei ceases. In model 3, the average
Neutrino captures on free neutrons will tend to re‘é@tYp charge and mass fregze out garly because the alpha effect has de-
back to 3.3, in accordance with the neutrino temperatured!€ted the supply of light particles.
The newly created protons, however, do not remain free but
rather gather into new alpha particles, again upsetting théase, the alpha effect depletes the abundance of light par-
Y, /Y, ratio. This then establishes a runaway that causes thiécles and there is little subsequent evolution in the abun-
dramatic rise inX,, andY,. Y, would rise to 0.5 were it not dances.
for the fact that heavy nuclei form and soak up free neutrons, N summary, neutrino capture during nucleosynthesis se-
thereby limiting the alpha effect runaway. In any event, theverely hinders the-process in the present models. When all
alpha effect causes a rapid depletion of free neutrons thdteutrino capture effects during nucleosynthesis are included
kills the possibility of anr-process. (model 3, nor-process occurs at all, even though the same
The average chargeZ) and mass numbeiA) of heavy ~ calculation without neutrino capturenodel Q at all yields
nuclei in each of the four models are shown in Fig. 9. Thean extremely robust-process. The tiny helpful effects of
initial build up of heavy nuclei betweefiy=7 andT,=5is  capture on heavy nuclémodel ) are more than offset by -
apparent, as is the subsequeﬂlrocess for models 0 and 1. the detnm?ntal effeCtS of Capture on free neutrons. This is
There is no discernible difference between the final averagfu€ even if neutrino capture on free neutrons only occurs
charge and mass in these two models although neutrino cafUring ther-process phasémodel 2.
tures do cause the nuclei to work their way up the network
faster in model 1. Model 2 has an interesting dig#) and
(A) for T between 3 and about 0.5. This results from the
assembly of new heavy nuclei already seen in Fig. 7. This The results in the previous section showed that neutrino-
creates new and much lighter nuclei than were present forapture enhanced assembly of heavy nuclei strongly hin-
Ty¢>3, thereby lowering the average charge and mass. Onlglered ther-process. In this section we study this in more
as the assembly of new seed nuclei shuts off belgw 2 detail. The goal is to understand exactly how the neutrino
can these quantities again rise byrocessing. The damage capture actually hinders threprocess.
has already been done, however, and the final average chargeln the alpha effect, neutrino capture drastically reduces
and mass in model 2 are much less than in models 0 and the abundance of free neutrons. It also increases the abun-
(Z) and(A) freeze out in model 3 at aboliy=5. In this  dance of alpha particles, which in turn allows assembly of

VI. ASSEMBLY OF HEAVY NUCLEI
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more seed nuclei. Which of the two effects, loss of neutrons 0.010 ' ' ]
or assembly of new seed nuclei, is the dominant one in lim- 0.008 L eI E
iting the r-process? | ]
We can understand this as follows. The rate of change of 0.006 | b
the neutron-to-seed rati® is o= ' - ]
0.004 1
dR _d(Y,/Yy) 1 dY, Y,dY, o6
dt~  dt Y, dt Y2 dt° (26) 0.002
0.000

In order to computaY,/dt anddY,/dt, we must consider
the fate of a proton newly formed by a neutrino capture on a
free neutron. Such a proton will most likely capture two
neutrons to become a tritium nucleus. The tritium may then F|G. 10. The abundance of heavy nuckj in models O(solid
capture another neutrino-capture produced protonti-p line), 2 (short-dashed curyeand 4(long-dashed curyeModel 4 is
—n+3He reaction. The’He will then quickly capture an- identical to model 2 except that the reactidi(a,y)’Li has been
other neutron to beconfiHe. Alternatively, the tritum may disabled. This prevents assembly of new seed nuclei induced by
capture another tritium in the reactidn-t—2n+“*He. In neutrino capture on free neutrons. When the channel is open
either case, each neutrino capture on a free neutron leads ¢@odel 2, Y, grows dramatically.

the disappearance of two free neutrons—the neutron suffer-

. . . _neutrons turns on @y=3. This is perhaps surprising since
ing the neutrino capture and the neutron that accompanies j : : .

L2y . the three-body reactions assembling heavy nuclei from alpha
into “He. For this reason,

particles are rather slow at this temperature. It indicates that
dv, another channel has opened for the assembly of seed nuclei.
——=—=2\Y,, (27 Another possible fate of a tritium nucleus formed via neu-
dt trino capture on a free neutron is to capture one of the abun-
dant alpha particles to beconfei which can then capture

10.0 1.0 0.1
T,

where is the rate of neutrino capture on free neutrons. Ir]other light particles to assemble new heavy nuclei. This does
principle we should include creation of neutrons by an- gntp y '

tineutrino capture on protons. However the mass fraction (;['Ot happen immediately in model 2, however. -3, the

. 7 .. . 7 .
protons becomes negligible as soon as alpha particles form?:®) 'éaction on’Liis rapid and keeps the néti(a,y)'Li

so we neglect this process in E@7). Furthermore, we ne- rate low. This allows tritium to move intéHe. As the tem-
glect in Eq.(27) the loss of free neutrons due to i’ncorpora- perature drops, the disintegration @fi slows, and tritium

tion into nuclei during the-process. This loss occurs slowly increasingly captures tZL_i. .This Iead_s to Sigfﬁiﬁcaﬂt assem-
if the neutrino capture is large bly of new heavy nucle{Fig. 7), which again poisons the

“He nuclei assembled in this way will tend to react via ar—p_lr_cr)]cet:sti.by dgc(;eazn;i% hanism f bly of
three-body reactions to form new heavy nuclei. At late time at this IS indee € mechanism Tor assemply of new

T9<6, some alpha particles will be in existence while somehe"’“’y nuclei is apparent from Fig. 10. This figure shotys

will be created after neutrino captures on neutronsn If Eilurlngdm%dedls qs\;“l\(jl Cg'r\lli' 2(shgrt—(gasrfd Cugyelgd 4
(where on average=<®6) neutrino captures are required to ong-dashed curvelviodel £ was identical 1o modetidieu-

trino capture on free nucleons and heavy nuclei bellyv
roduce a new heavy nucleus then, . . .
b y =3) except that the+ *He— 'Li reaction was disabled. Few

dy, \Y, new seed nuclei assemble in model 4 because the three-body
T (28 reactions are slow and tHi channel is closed. In this case,
neutrino capture on free neutrons simply leads to a substan-
. - ; tial increase in the mass fraction of alpha particles, as is
Substitution of Egs(27) and (28) into Eq. (26) then yields apparent in Fig. 11. Because the free neutrons rapidly disap-
AR2 pear in model 4 below¢=3, thea+ a+n reaction is very
E:_Z)\R_ - (29 slow, and model 4 ends up with even fewer heavy nuclei
than model 0. In spite of this, the neutrino capture means the

The R? term in Eq.(29) arises from the assembly of new r-process 1s Iess_ robust in model 4 than in model O. .
As a final point, the late assembly of new seed nuclei

seed nuclei. It provides the dominant reductiomRithrough- throuah the’Li channel will haopen even if ndHe nuclei
out most of the expansion. For example, early in the expan: . : 9 PD
sion, whenR=1300, say, the assembly of new seed nucleimmally are present. Once neutrino capture on free neutrons

induced by neutrino capture causBsto decline at a rate turns on, the'He abundance will grow until it is sufficiently

3 7 i i
about 15 000 times faster than the rate of neutrino capture I rr]ge tlo allow thebIH(a];?’) Li dreactllo_n tﬁ proceed rap_ldlly '
free neutrons. This explains the extremely fast drogim us, late assembly O seed nucier will occur even In Jow-
model 3 seen in Fig. 5. Only & drops below 10 does the e_ntropyr-proce_sseﬁor Wh.'Ch the _alpha abundance is ini-
simple disappearance of neutrons cause a larger drép in tially very low) if the neutrino flux is large.

These considerations explain why the alpha effect is so dev-
astating to the -process.

Model 2 also shows a rapid drop ihand a rapid increase The alpha effect and ongoing neutrino capture on free
in the number of heavy nuclei after neutrino capture on freeneutrons essentially precludes the possibility of accelerating

VII. NEUTRINO CAPTURE AND QSE
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FIG. 11. The mass fraction dHe in models O(solid line), 2 FIG. 12. Y, during the expansion for models(8olid curve, 5

(short-dashed curyeand 4(long-dashed curyeModel 4 is identi-  (dotted curvg 6 (short-dashed curyeand 7(long-dashed curye

cal to model 2 except that the reactidH(«,v)'Li has been dis- In models 5, 6, and 7, there is only neutrino capture on heavy nuclei
abled. This prevents assembly of new seed nuclei induced by netdier To<7, Tq<<5, andT4< 3, respectively. The earlier the neutrino
trino capture on free neutrons. The fate of a proton produced froneapture is allowed to occur, the earl¥g rises. This does not trans-
neutrino capture on a free neutron is thus to end up d8l@  late into an increase in the average charge and mass of the heavy
nucleus, hence the rise X, in model 4. nuclei, however(see Fig. 14

the r-process via strong neutrino capture on heavy nuclei . . .
b 9 b y }arge QSE containing the most abundant nuclei persists

Nevertheless, it is interesting to consider what the effect 0d To~40 af hich boi : : ber of
neutrino capture on heavy nuclei alone would do in an in-doWn t0To~4.0 after which point an increasing number o
tense neutrino flux. smaller QSE clusters appears. Eventually these evolve to the

One might suppose that allowing neutrino capture orl™¥)~(¥.n) equilibria that represent the classiegprocess

heavy nuclei to occur earlier in the expansion tHar-3 as phase of the expansion. The crucial point for neutrino cap-

in model 1 would help the-process. Earlier neutrino capture Fure is that even belowy~5, the nuclear abundances are

would move nuclei to higher mass earlier and possibly acinterlocked. This means that any increaseYinvia a neu-

celerate the -process. In fact the opposite is true and pointstfiN® capture can cause a readjustment of all nuclear abun-

out the importance of the QSE concept in considerations Ogances, not just that of the neutrlno—captgnng ngcleus.
neutrino capture during theprocess. The QSE-nature of the abundance distributions Tar

To test the effect of neutrino capture on heavy nuclei, We~5 explains the larger final mass fraction of alpha particles

ran models 5. 6 and 7. which were identical to model 1" models with earlier capture on heavy nuclei, as seen in
except that they used a larger neutrino luminosityLof Fig. 15. As the nuclei capture neutrinos, they become more

—10P2ergs/s for electron neutrinos andL- =4  Proton rich. In doing so, the average binding of protons in
9 u Ve nuclei decreases. In the QSE, then, the abundance of free

2 . .
X 10° ergs/s for the electron antineutrinos and that, 'eSPEGsrotons tends to increase. In practice, the lower proton bind-

tively, they allowed neutrino capture only on heavy nuclei t0j g means the average rate of proton disintegration reactions
begin atTo=7, Tg=5, and Tg=3. The larger luminosity

increases the neutrino capture and thereby shows the effects

more clearly.(Indeed, without the increased neutrino lumi- 200: '
nosities, we saw little effect even if the neutrino capture on i ]
nuclei was on throughout the expansioince no heavy 1501 ]
nuclei exist prior toT¢=7, model 5 is equivalent to having I
n_eutrino capture on heavy nuclei on throughout the expan- x 100k ]
sion.

Figure 12 compare¥, in models 5, 6, and 7 to that in [
model 0. As is evident, allowing neutrino capture to occur 50T ]
earlier does caus¥, to rise much earlier in the expansion. It i
also causeR to drop much more rapidly, as seen in Fig. 13. ol :
This does not, however, correspond to a more robust 10.0 0.1

r-process in models 5 and 6. Figure 14 shq&$ and(A)

for m_odels 0,5,6,and 7, and it IS readl!y apparent that _early FIG. 13. R during the expansion for models(8olid curve, 5
neutrino capture on heavy nuclei alone in fact.ten.d.s to h'nde(dotted curvg 6 (short-dashed curyeand 7(long-dashed curje
the r-process. This result may seem counterintuitive, SO W&, models 5, 6, and 7, there is only neutrino capture on heavy nuclei
study it in a little more detail. _ o ~ for Tg<7, To<5, andT4<3, respectivelyR declines sharply due
As discussed in Sec. 1V, the nuclei begin in NSE at highto neutrino capture on heavy nuclei alone. This does not lead to a
temperature. As the temperature falls, the NSE breaks dowore robust -process, however. When the neutrino capture occurs
(at Tg=6—7 in the present calculationsThe system de- during the QSE phase of the expansion, the equilibrium among
scends the hierarchy of statistical equilibria and goes into &eavy nuclei allows neutrons to convert rapidly into protons with-
QSE in which the heavy nuclei are all in equilibrium under out increasing the average charge. This decreRs&sd hinders the
exchange of light particles. In the present calculations, a-process.
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0.008

0.006

>5 0.004

<Z>

0.0021

10.0 1.0 0.1 0.000 :
I 10.0 1.0 0.1

200 . . FIG. 16. Y, during the expansion for models(8olid curve, 5
(dotted curvg 6 (short-dashed curyeand 7(long-dashed curye
In models 5, 6, and 7, there is only neutrino capture on heavy nuclei

150 for Tg<7, T9<5, andT¢<3, respectively. The increased produc-
tion of alpha particles due to neutrino capture on heavy nistz
I 100 Fig. 15 increases the production of heavy nuclei via the three-body
reaction sequences+ a+ a—*C and a+ a+n—°Be followed
50 by °Be+a—*?C+n.
0 . : accelerated by neutrino captures on nuclei. As stated previ-
10.0 ; 1.0 0.1 ously, it is the neutron-to-seed rat® that determines the

robustness of an-process. Because the neutrino capture on

FIG. 14. Average chargZ) (top panel and average mass num- nuclei in model 7 happens after the large QSE has broken
ber (A) (bottom panel of heavy nuclei during the expansion for down into (0,7y)—(v,n) equilibrium clusters, there is little
models O(solid curve, 5 (dotted curv, 6 (short-dashed curyeand ~ effect onR. The result is that nuclei capture almost exactly
7 (long-dashed curve Stronger neutrino capture by heavy nuclei the same average number of neutrons per nucleus in models
limits ther -process if the captures happen during the QSE phases 6f and 7. That the final abundance distributions for these
the expansion. models are so similar shows that at this flux, neutrino capture

is not very significant compared to nuclear beta decay during
on heavy nuclei increases somewhat. The protons, howevehe r-process phase.
are also in equilibrium with neutrons and alpha patrticles;
therefore, an increase in the free proton abundance causes the
alpha mass also to increase. The increased alpha mass then VIl IMPLICATIONS
leads to further assembly of heavy nuclei via the three-body The essential conclusion of our work is that, given stan-
reaction channels. This is apparent in Fig. 16. dard neutrino physics and a realistic neutrino-driven wind,

Figure 17 shows the final abundances versus nuclear masgong neutrino capture hinders therocess. This can hap-
for models 0, 5, 6, and 7. The hindrance of thprocess in  pen in several ways. The largest effects come from neutrino
models 5 and 6 is readily apparent. Model 7, however, isapture on free neutrons during the stages of alpha particle
little different from model 0, even though theprocess was and heavy nucleus formation. Furthermore, a strong neutrino
flux will also impede ther-process by inducing significant

0.50 ' ' neutrino capture on heavy nuclei while the material is still in
0.40F QSE (Tg>4). Although neutrino capture on heavy nuclei

after Tg<3 is not necessarily problematic, the simultaneous
0.30F capture on free neutrons is detrimental. In order to examine

& the effects of charged-current neutrino interactions on

0.20F r-process synthesis, it is necessary to take into account feed-

back between nuclear dynamics and weak interactions. Also,
0.10F because neutrino-capture effects at a late stage in the expan-

sion imply larger effects at earlier stages in the expansion
0.00

(absent neutrino flavor/type transformation effgctgeutrino
10.0 1.0 8.1 interactions must be self-consistently included everywhere.
The effects we have described pose a severe challenge to

FIG. 15. The mass fraction of alpha particles during the expaniN® F-process in stellar explosions. Tf!leprocess compo-
sion for models Osolid curve, 5 (dotted curvé, 6 (short-dashed NeNts that produced the solar system’s supply of platinum
curve, and 7(long-dashed curye In models 5, 6, and 7, there is and gold must have t:_;lken place in a sufficiently low ﬂgx of
only neutrino capture on heavy nuclei fdg<7, To<5, andT,  hormal electron neutrinos that a strong alpha effect did not
<3, respectively. Neutrino captures on heavy nuclei incre¥ges ~occur. We conclude that eithét) ther-process occurred in
This tends to increase the abundance of free protons in the QSEN environment not associated with a stregglux, or (2) in
The protons capture neutrons and increase the abundadeeof  supernovae fluid elements are carried away extremely rap-
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FIG. 17. The final mass fractions vs nuclear mass numbei@fanodel 0,(b) model 5,(c) model 6, andd) model 7. Neutrino capture
on heavy nuclei during the QSE phase of the expansion has hindereeptbeess in models 5 and 6.

idly to regions where thes, flux is low, or (3) some non- the neutrino seas. In this case one would have to utilize, for
standard neutrino effects are present. While we have emexample, rotational energy in the core, as in a Leblanc-
ployed an exponential outflow model with particular entropyWilson jet[24]. This would mean giving up on the neutrino-
and neutrino fluxes in this paper, our qualitative conclusionglriven wind model predictions af-process yields per super-
regarding the effects of charged-current neutrino processa®va which naturally agree with observationally-inferred

will hold for any general outflow model. galactic heavy element chemical evolution constrafets.,
In fact, however, any attempt to circumvent the harmful[3,4]).
influence of the alpha effect by invoking convecti@n mul- Neutrino-driven wind models including general relativis-

tidimensional hydrodynamigsor general relativity will be tic effects have been investigated as a method for increasing
problematic. This stems from the fact that it is the weakthe neutron-to-seed ratio and facilitating therocesg9,10].
interaction(changing neutrons to protons and vice vethat  These models have the effect of decreasing the time scale
is at the heart of the troubles with tleprocess conditions. and increasing the entropy. An alpha effect will also occur in
Any model that uses neutrino interactions to supply the reqthese models. The degree to which it impacts the nucleosyn-
uisite energy to eject nucleons from deep in the gravitationathesis products needs to be investigated. However, such gen-
potential well of the neutron star will necessarily also haveeral relativistic extensions of neutrino driven wind models
the Y, of the ejecta set by the neutrino capture competitionsuffer from additional problems such as a requirement for
between the processes in E@b. and(2). This is because a fine tuning of mass ejection rates and differential neutrino
nucleon near the surface of the neutron star has a typicgravitational redshift.

binding energy of~100 MeV, implying that it must suffer An alternative idea is that nonstandard neutrino physics
~5 neutrino interactions to be ejected to interstellar spacenay allow r-processing even in a high neutrino flux. For
Necessarily, this also implies that the alpha effect and otheexample, if most electron neutrinos were converted to other
deleterious effects of, interactions on nucleosynthesis can neutrino speciegeither active or sterileby matter-enhanced
operate. If one wants the material to be ejected on such processes in the region above the neutron star surface
short time scale that, capture cannot ruin-process nucleo- [25,26, the initial neutron richness would be quite large be-
synthesis, then one would be forced to find an energy sourcgause a large flux of antineutrinos would drive protons into
for the ejection process that would not be based on neutrinoeutrons. Additionally, a reduceg, flux would preclude re-
heating. In turn, this may be difficult to engineer becauselucing this large neutron excess by driving the neutrons back
almost all of the energy available to the supernova resides iimto protons. Furthermore, no alpha effect would occur when
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nucleosynthesis begins. Many scenarios of this type exist angls rates in the galaxy provided by considerig and 182Hf
merit investigation, although we again caution one must in-(:ou|d give us insights into how nature manages to circum-
clude all neutrino effects and must properly take the nucleagent the alpha effect. It could be that the supernova events
dynamics into account. that are responsible for the production’8fl represent only
The strong sensitivity of -process yields to the neutrino 5 “partial” r-process where vigorous neutron capture to or
flux present interesting implications for the extimeprocess beyond mass 130 is hindered by the alpha effect. Likewise

radioactivities. Chief among these isotopes df8 and  the 1824f production events have somehow managed to com-
1824, with half-lifes of 16 Myr and 9 Myr, respectively. pletely disable the alpha effect.

Meteoritical evidence indicates that these iSOtOpeS were alive In summary, Strong neutrino Capture during expansions of

in the early solar system, an observation that apparently Cotheytron-rich matter greatly hinders productionreprocess
strains galactic nucleosynthesis over the last several milliofsotopes. It will be fascinating to see how this dramatic con-

years prior to collapse of the solar nebula. The curious aspeglysion will lead to new insights into supernova dynamics,
of these isotopes is that the inferred Ii{¥&Hf abundance in  neutrino physics, and theprocess of nucleosynthesis.

the early solar system roughly agrees with expectations from

continuous galactic nucleosynthesis while the infertéd

abundance fails to reach the same expectations by about a

factor of 100. An obvious explanation is that there are dif-

ferent kinds of supernovae which occur with different fre- This work was supported in part by NASA Grant No.

guencied 27,28 NAGW-3480 at Clemson and NSF Grant PHY95-03384 at
In any case, perhaps the clues aboutrtfgocess synthe- UC San Diego.
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