PHYSICAL REVIEW C VOLUME 59, NUMBER 5 MAY 1999

Active-sterile neutrino transformation solution for r-process nucleosynthesis
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We discuss how matter-enhanced active-sterile neutrino transformation inthe; and v.= v4 channels
could enable the production of the rapid neutron captur@rocess nuclei in neutrino-heated supernova
ejecta. In this scheme the lightest sterile neutrino would be heavier than #oed split from it by a vacuum
mass-squared difference of 3 8v6m2<70 e\? with vacuum mixing angle sf26,>10"*.
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PACS numbe(s): 14.60.Pq, 14.60.St, 26.30k, 97.60.Bw

I. INTRODUCTION ments that one of the sites involves the neutron-rich material

associated with core collapse supernoy2g In turn, per-
In this paper we detail a mechanism through whichhaps the most compelling model for neutron-rich material
matter-enhanced active-sterile neutrino transformation in thejection following core collapse supernovae is centered on
ve= v, andve= v channels could solve the neutron-to-seedn€utrino heating of material and the formation of a neutrino-

nucleus deficit ana-effect problems associated with models driven “wind” at ~10 s after core bounde&-5|.
of r-process nucleosynthesis from neutrino-heated supernova There are, however, a number of difficulties with
ejecta. Our solution makes the production of therocess r-process nucleosynthesis in this model. These difficulties
nuclides in neutrino-heated supernova ejeotaustto a wide ~ stem principally from astrophysical uncertainties in the
range of uncertainties in the neutrino-driven wind modelsneutrino-heated outflow models. In the outflow models,
Ultimately, our work suggests that heavy element nucleosynt-Process nucleosynthesis results from a freeze-out from
thesis may be a key consideration in constraining the exisduclear statistical equilibrium. The neutrino-heated material
tence of light sterile neutrinos. is in the form of free nucleons near the surface of the neutron
By a sterile neutrino we mean one with interactions whichstar, where its neutron-to-proton ratie- () is in steady state
are significantly weaker than the normal weak interactionequilibrium with thev, and v, fluxes passing through it. As
We demand these interactions to be weak enough so thgiis material flows out to regions of lower temperatufe (
such a sterile neutrino species would not contribute apprecia= 700 keV) « particles are formed, leaving a sea of free
bly to the decay rate of the ° particle. Our nucleosynthesis npeytrons. Depending on the entropy per baryon, many of the
considerations are independent of the details of how the ster; particles assemble into “seed” nuclei with masses be-

ile neutrino states are constructed. For example, many mogy cena~50 andA~100. As the material flows further out,
els for sterile neutrinos build these species from the right-to regions of even lower temperatur&<300 keV), the
handed Dirac neutrino and left-handed Dirac antineutrinc*ree neutrons capture on the seed nuclei to rr'1ake the
fields, leaving Majorana active neutrinasand Majorana

sterile neutrinodN. In this casevg can be identified with the f-process nuclear SPECIES. .
It is clear from this picture that a key quantity for deter-

left-handed sterile specie, , while vs can be identified ining the outcome of the freeze-out process is the neutron-
W'tgfthe (;lghtr;hﬁndfe?hstenlelnf-:-utthfd)R. =100 to-seed nucleus ratio. It is desirable to have this ratitO0
order hail of the nuciel with masses= WETe " in order that the heaviarprocess specieg.e., those in the

form_ed In the_ rapid neutron capture-process nucleosyn- .. A=195 peak can be produced. The neutron to seed nucleus
thesis scenarifl]. There is as yet no consensus for the site . . N
ratio is determined largely by three quantitiéig:the expan-

(or sites of r-process nucleosynthesis, though it seems likely e (i) th tron-t ; Y X
from meteoritic data-based nucleosynthesis time scale arg ion rate, (i) the neu ron-to-proton ratio/p [or, equiva-
ently, the electron fractiorY.=1/(1+n/p)], and (iii) the

entropy per baryon. Though different calculatidds5] dis-
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reaction accompanying the formation ef particles, also squares of the masses and vacuum mixing angles can occur

known as the ‘& effect.” above the heating region yet between the neutrinosphere and
Meyer pointed out that previously neglected neutrinowhere ther process takes place.
spallation reactions on the particles tend to inhibit the Ordinary active-active neutrino mixing has been exten-

process by allowing the assembly of too many seed nucleijvely studied in this region of the supernova in the context
[6]. This process is especially effective at wrecking the of rapidly-outflowing neutrino-heated materidtt5—17.
process where the entropy is high. A simple steady-stat§hese studies revealed the important interplay between the

wind model survey of the thermodynamic parameters i% . . —
. ' aterial expansion rate and the and v, capture rates on
neutrino-heated outflow was conducted by Qian and Woos; P he Ve CaP

ley [7]. These authors concluded that the entropy in sucr];ree nuclegns. They showed that a proper understanding of
modeis should be-100k per baryon, as opposed to Mayle the evolution of the electron fractiolY, in response to
and Wilson's model with an entrop)'/ of 400k per baryon matter-enhanced neutrino flavor transformation could not be

[8]. In turn, this result might argue against the effectivenes@Ptainéd without due consideration of the expansion rate and
of neutrino-induced particle spallation in lowering the neu- position of fluid elements relative to the neutrino sphere. The

tron to seed nucleus ratio. However, lower entropies in genitherent nonlinearity of the problem demands a coupled
eral imply a lower value of this ratio since there will be more treatment forYe and the distribution of neutrino energies.
seed nuclei in these conditions. At best, the neutron to sedgarly suggestions that active-sterile neutrino transformation

nucleus ratios obtained in lower entropy models are marginagould be important in supernova dynamics and nucleosynthe-
for the production of the neutron-rich-process species Sis were made with schematic models and did not include the

[9,10. feedback effects of expansi¢h8].

One suggested fix to the low neutron-to-seed nucleus ra- Here we attempt to extend a realistic analysis of neutrino
tios in these models is to invoke general relativistic effectgransformation with coupled outflow to the active-sterile
[7,11]. These models seem attractive in that they can raisg .= v, and v,= v, channels. The interplay of material out-
the entropy and increase the material expansion rate, both ¢ibw and active-sterile neutrino transformation has also been
which tend to increase the neutron to seed nucleus ratiareated for a model with matter-enhanced active-active and
However, Cardall and Fullef11] found that these models (different active-sterile channels by Caldwell, Fuller, and
had to be finely tuned in the sense that the neutron star radiu@ian[19].
had to be close to that signaling the onset of dynamical in- The possibility of a sterile neutrino mixing with an active
stability. This was required, in turn, in order that the generabne was recently investigated to explain the missing neutrino
relativistic corrections to the outflow rate and entropy befluxes in solar, atmospheric, and accelerator neutrino experi-
large enough to solve the neutron to seed nucleus deficihents. Recent measurements of the solar neutrino flux at
problem. However, near the dynamical instability radius theSuperkamiokandg20] along with the earlier measurements
differential gravitational redshift o, and v, will act to  [21] may indicate mixing of electron neutrinos with another
increaseY,, partially undoing the beneficial effects of a flavor [22]. The measurement of the atmospheric electron
deeper gravitational potential wgll2]. The general relativ- and muon neutrino zenith angle distributions at Superkamio-
istic fine tuning problem becomes even more extreme if wekande[23], taken together with the lack of observation:qf
also demand a solution to the effect problem. disappearance at the CHOOZ detedt24] present even a

The « effect occurs at the epoch af particle formation. ~ stronger evidence for the mixing of muon neutrinos with
As the temperature drops, essentially all the protons an@ither tau neutrinos or sterile neutrin@b].
most of the neutrons in the ejecta lock themselves imto Simultaneous interpretation of the solar and atmospheric
particles which have a large binding energy. This phenomneutrino deficits and the, excess observed by the LSND
enon ultimately will tend to push the electron fraction higher,experimenf 26] in terms of the mixing of only three active
towardsY.=0.5. The increase ilY, comes about because neutrinos is problematic at beg27]. These three-neutrino
protons produced by electron neutrino capture on neutronfits are challenged by the observed zenith angle dependence
will in turn capture more neutrons to bind inte particles, of the atmospheric muon neutrino deficit in Superkamio-
reducing the number of free neutrons available forrtipeo-  kande and the establishment of anergy-dependergolar
cess[13]. This effect has been shown to be the biggest im-neutrino deficit. Indeed, the only alternatives are to argue
pediment to achieving an acceptablprocess yield 14]. that one or more of these neutrino phenomena is unrelated to

One way to avoid or reduce the efficacy of theeffectis  neutrino oscillation physics, or to introduce a fourth neutrino
to reduce the flux of electron neutrinos at some point abovepecies which, because of tE€ -width limit, must be ster-
the surface of the neutron star. However, in models of théle. Some time ago it was argued that the LSND data, double
neutrino-driven wind a large flux of electron neutrinos isbeta decay and cosmological considerations suggested the
required to lift the material off the surface of the neutron starnecessity for introducing sterile neutring28]; the recent
In fact since nucleons are gravitationally bound by abouexperimental and observational data only reinforce these ar-
~100 MeV near the surface of the neutron star, and sincguments.
each neutrino has an energyl0 MeV, each nucleon must In any case,f there really exist light sterile neutrinos
suffer some~ 10 neutrino interactions to be ejected to infin- probably the only way to find out about their properties is to
ity. So if we are to reduce the, flux we must do so only at examine astrophysical environments where neutrinos domi-
relatively large radius, so that effective neutrino heating alhate the dynamics and nucleosynthesis. Matter-enhanced
ready can have occurred. Matter-enhanced neutrino flavactive-sterile neutrino transformation could have a great ef-
transformation with appropriately chosen difference of thefect onr-process nucleosynthesis in core-collapse superno-
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vae. We will show, in fact, that under the right conditions, 1 )
such nucleosynthesis is at least as sensitive as the accelerator ¢,,.(1)=—7=[* V2 GeNy(r)E+ 8m? cos 26, ].

experiments to possible mixing of the sterile and active neu- 2.6)
trinos. .
In Sec. Il we describe the active-sterile matter-As before, the+ sign corresponds to neutrino mixing, and

enhancement process in the post core bounce supernova &he — sign to antineutrino mixing.

vironment. In Sec. Il we give a brief description of the su-  For a neutral medium we havg,=Y, andY,=1-Y,,
pernova outflow and nucleosynthesis model we employwhereY, andY, give the number o&ll protons or neutrons
while in Sec. IV we outline our results. Conclusions are(free as weII as those bound in nuglaiespectively, relative

given in Sec. V. to baryons. The electron fractiory, is given by
Il. MATTER-ENHANCED TRANSFORMATIONS Ng (r)—NZ(r)
OF ACTIVE TO STERILE NEUTRINOS Ye(r)=— : 2.7)

Ng (r)=Ng (r)+Np(r)
In the absence of background neutrinos the evolution of
flavor eigenstates in matter is governed by the &tinger-  Inserting Eq.(2.7) into Eq. (2.2) one obtains the diagonal

like neutrino amplitude evolution equati¢@9] terms in the evolution operator to be
. 3Gep(r) 1\ 6m?
We(r) _ @e(r) \/K [\Pe(r)}, 2.1) Pelr)= j ( >—ECOSZHU (2.8
V] [ VA —ee(n) ][ WD) Talam,
where and
1 N.(r Gep(r) om?
QDe(r):E(iZ\/E GF[ n2( )}E Q“‘T(r):iz\F/Em (Ye— )——COSZH (2.9
N

wherep(r) is the matter density andy is the nucleon mass.
Equation(2.8) indicates that, with appropriate neutrino pa-
rameters and matter density, fgg>1/3 only electron neu-
for the mixing of electron neutrinoghe plus sign on the trinos and forY,<1/3 only electron antineutrinos can un-
right-hand side of the equatipor electron antineutrino@he  dergo an active-sterile MSW resonance.

— ém? cos ZHU) (2.2

minus sign with sterile neutrinos. The possibility of matter-enhanced conversion of both
In these equations ve's and vg's can have interesting consequences, but one
Sm2 must exercise caution. If both electron neutrino and an-

JA=——sin20,, (2.3 tineutrino fluxes go through a region of neutrons and protons

4E in equilibrium (i.e., the reactiong,+n—p+e” and?e+p
sm2=mZ—m? is the vacuum mass-squared splittirg, is —N+e€" are in steady state equilibrium with the anqje

the vacuum mixing angleGe is the Fermi constant, and fluxes, then no matter Whr_;\t the initidd, is one may naively
NG (r), N+(r) andN,(r) are the number density of elec- expect that the system will evolve to a fixed point with
trons, positrons, and neutrons, respectively, in the mediung. +/3: For example, if initiallyYe>1/3, thev,’s could trans-
Note that in what follows, we take the sterile neutrino to be orm into sterile neutrinos, greatly reducing the rate of the

predominantly the heavier mass eigenstate. reaction ve+n—p+e~. However, the rate ofve+p—n
We define the potential +e* will remain the same, with the result that protons will
be turned into neutrons, but neutrons will not be converted
n( ) back to protons. Therefore, in this scenalg@ would be

V(r)=2y2Gg|N; (1) =N (r)— (2.4

driven lower. If this process bringg, below 1/3, then?e’s
could be subject to matter-enhanced conversion to sterile

to be proportional to the net weak charge, such that neutrindgeutrinos. In this case, the, flux would be reduced and so
of energy an uncompensated,+n—p-+e~ reaction could pushy,
above 1/3, and so on. Indeed an earlier analysis of the reso-
(2.5 nant active to sterile conversion was given in R8€] where
it was argued that the electron fraction becomes stabilized in
supernovae at the fixed point in the evolutg=1/3 due to
undergo a Mikheyev-Smirnov-WolfensteitMSW) reso-  the feedback effects. As we will illustrate in the following
nance at a given positivevf) or negative ¢.) value of the sections, our realistic calculations in supernova neutrino-
potential. wind models do not bear out this assessment.

The mixing of muon and tau neutrinos with sterile neutri- The amount of flavor conversion in an MSW resonance
nos may be described similarly. The evolution Hamiltoniandepends on the adiabaticity of the resonance. The adiabatic-
is as for the electron neutrino species, but with or ¢, ity is a function of the scale height, of the potential in Eq.
replacinge, in Eq. (2.1) as appropriate, where (2.9:

om? cos 20,

Eedr)== V(r)
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( 1 dYe)
+ R —
Y—1/3 dr
We will refer to the scale height of the potent{al, equiva-
lently, of weak chargessimply as “the scale height.”

A pedagogically useful approximation for the neutrino
survival probability is the Landau-Zener approximation
[31,32, where the survival probability is directly expressed
in terms of the scale height. We emphasize that in the results Neutrinosphere
presented in this paper, exact solutions of &) are found
numerica”y and the Landau-Zener approximation is not em- FIG. 1. The geometry in the calculation of the effective neutrino
ployed. fraction.

In the presence of neutrino fluxé&ackground” neutri- ) o o )
nos the neutrino amplitude evolution Hamiltonian and the @Pproximation insures the _vaI|d|ty of the overall_ radial de-
effective mass in Eq2.1) will have an additional term due pendence of neutrino flux in the above expression. It dogs,
to neutrino-neutrino neutral current forward exchange scat?owever, tend to underestimate the background neutrino
tering. In the case of active-active neutrino evolution, thecontribution to neutrino effective mass in the region which is
neutrino background, because of flavor mixing, contribute/€y close to the neutrino sphere. In practice this is not a

both diagonal and off-diagonal terms in the flavor basis amProblem, as the matter densitghe net electron density
plitude evolution Hamiltonian, Eq(2.1). However, for dominates the weak potential in this region; the density scale

active-sterile mixing the off-diagonal terms are identically height is so small here that neutrino flavor evolution is nona-

s Background

v=

(1 do (2.10

pdr

Neutrino

o
Test Neutrino

zero[33]. The diagonal contribution gives diabatic, and so flavor tra_nsformation is su_ppre_:sseq. _\Ne_have
performed a few calculations with the luminosity originating

Ge N, (r) p.q at a neutrinosphere, rather than at the center of the neutron
@e(r)=—=|Ng (r)—NJ (r)— —+f d3q< 1- —) star, and find that our results change very little. Finally we
V2 2 [pllal note that the survival probability for background neutrinos
. Sm2 P,(Eq.r,0) in the above expression is “short-hand nota-
X(pg=Pg)ee| ~ IE cos 24, (2.11) tion” for what is in actuality a complicated calculation of the
evolution of the energy distribution functions for background

eutrinos on various trajectories. With the above definitions

wherep andq are the momenta of a test and a backgroun gs.(2.12 and(2.13 then yield

neutrino respectively, anchf) . is the matrix element of the

single neutrino density matrix operatore|p|ve). Here we Gep(r)[3 1
follow the notation and terminology of R€fL6]. We use the ee(r)= i—[§< Ye—§ +(2er+ Y”u+ YVT)
net effective number of neutrinos per baryon Va2my
m sm?
Y= NS=NG, (212 g 5% 219

where, as above, the positive sign in the first term gives the

where potential forv, neutrinos, while the negative sign gives that
L 1 (= appropriate for thes,.
Nef~ EV — quf d cos6f,(Eq,6,r)(1— cosa), We can see from the above expressions that w¥gn
(E.,) 7R, /0 ~1/3 the weak potential governing neutrino amplitude evo-

(2.13 lution will be dominated by the neutrino background. Wher-
ever the potential is dominated by the neutrino background
the problem of neutrino amplitude evolution will have an
extra degree of nonlinearity. In turn, one might worry that
the problem will become numerically intractable in this re-
fV(Ewgir):p(Ev,g,r)fi;“tiw(EV)_ (2.14  gime. We will argue below, however, that including a real-
istic material outflow scheme in this picture facilitates the
In the abovel, is the appropriate neutrino sphere energynumerical calculations and leads to several important fea-
luminosity of the neutrino species in questid,) is the  tures.
average energy of these background neutrinos, and
P.(Eq.r,0) is the integrated survival probability of the ll. DESCRIPTION OF THE MODEL
background neutrinos. The geometry for neutrino emission is
shown in Fig. 1 where the angl@sand « are defined. In our
calculations we actually take the neutrino energy luminosity We consider outflow conditions in the supernova at sev-
to originate at the center of the neutron star, but we begin theral seconds post-core bounce whenth@ocess may take
calculations of neutrino amplitude evolution only above theplace. This late epoch in supernova evolution is easier to
surface of the stafwe take the surface of the neutron star totreat than the earlier explosion epo@hock reheating ep-
be coincident with the neutrino sphere for all speci@his  och in several respects. It can be hoped that by this late

wheref (Eq4,0,r) is the background neutrino energy distri-
bution function, which is obtained by evolving forward in
time the initial energy distribution function,

A. General features of outflow
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time, well after the issue of the supernova explosion issolution forr-process nucleosynthesis is not finely tuned to
settled, the material above the neutron star will comprise @etails of the outflow model. We therefore choose represen-
very tenuous, nearly hydrostatic envelope. Indeed, some détive conditions and leave it to the supernova modeling
the numerical simulations that can push out this far in timecommunity to determine, eventually, whether such outflow
do tend to bear this oy#,15,34. However, convection and and ejection mechanisms can ever be realized.
other essentially multidimensional phenomena will undoubt- We assume that the neutrino energy luminosities, initial
edly operate. It is not completely understobow material ~ Neutrino sphere neutrino energy spectral Q|str|_t)ut|ons, apd
from near the surface of the neutron star can be ejected '€ neutron star radius evolve slowly with time in compari-
infinity. Likely any such mechanism of ejection will involve SON With the mass outflow timéime it takes for a mass
neutrino heating, which is dominated by charged-current re€lement which leaves the surface of the neutron star to finish
actions. Since each nucleon must interact with neutrino@SSembly ofa particles. In fact, we can expect slow evolu-
~10 times in order to be ejected from the supernova, thesion of these input quantities over the duration of roughly
neutrino interactions will seY, in the ejectd 15]. This will ~ ©ne neutrino diffusion timescale at the epochreirocess
be true whether or not the outflow is one-dimensional inhucleosynthesis. Therefore we take the density-temperature
nature or essentially involves convection and turbulent mix9radient,Ye profile, and neutrino flavor amplitude distribu-
ing. Because of this, we can obtain a fair idea of hgyand tions with radius to be fixed throughout our calculations.
nucleosynthesis will change under neutrino flavor transfor- W€ €mployS;pe=1 in our study, since analyses of mod-
mation by employing a simple one-dimensional outflow pic_els of the neutrino driven wind natyrally .p|ck out this en-
ture. tropy scale[7]. In what follows we investigate a range of
We choose a one-dimensional neutrino-driven wind withdynamic expansion time scales=0.1s—-0.9s. This range
constant expansion time scale as our hydrodynamic outflofP’ 7 Spans the regime of plausible wind velocity for super-
model. Additionally, between the neutron star surface and‘ova models which do not include an extremely relativistic
the radius where the wind solution is appropriate, we adopt &°'€- _ _
density gradient andY, profile which gives a good fit to the From the density, entropy and electron fraction, all other

Mayle and Wilson supernova code results. We also adopt thiermodynamic quantities and nuclear statistical equilibrium
Mayle and Wilson calculation results for the density run in(NSE) element abundances may be calculated by taking ac-

the interior of the neutron star, though we ignore feedbacke@unt of all sources of entropy in the adiabatically expanding
from neutrino physics in this region. The fitting procedure ismaterial. This must be done without making any assumptions
similar to that employed in Ref35]. In principle, the inter- about whether electrons and positrons are degenerate or rela-
mediate fit region can noticably change the results, since thivistic, since they make important contributions to the en-
density gradient changes rapidly from very steep at the suffoPY-

face to very gentle in the wind. However, we have tested S _ _

deviations in the fit and found that they do not change our  B. Heuristic discussion of the neutrino-heated outflow

general conclusions. Our scenarios which produce the lowest Hgre we give an analytic and heuristic description of

electron fractions are obtained with mixing parameters whichetrino-heated outfloW7]. This is meant to serve as a tool
produce nonadiabatic level crossings in the steep regions @by ynderstanding our numerical results, which, we empha-
the density gradient, with the result that neutrino Conversionsize have been calculated without the use of many of the
in such regions is suppressed or inefficient. _ approximations employed in this section. One can gain quali-
In the wind part of our chosen model, the outflow is natu-tatjve insight into the general environment by noting that the
rally homologous: that is, the fluid velocity is proportional to neytrino physics and nucleosynthesis are qualitatively very

r is the radial coordinate. Simple neutrino-driven wind mod-Ref, [40]).

els are parametrized by two quantities: the assumed constant | 5 wind model at sufficiently large radiugbove the

expansion time scale=r/v, wherer =roexp{/7) and by the  peating regimg the enthalpy per baryon is roughly the

entropy per baryors Additionally we will assume that at gravitational binding energy of a free baryon, or
sufficiently large radius the neutrino-heated ejecta will be

isentropic, i.e., constant entropy per baryon. The relation be- Mnsmp | 1
tween the density of an outgoing fluid element and the time TS”‘(_mZ_)F’ CHY

t since it left some initial point near the neutrino sphere is P

p*po €xp(—3t/7), in the wind model. We adopt this relation- whereMys~1.4 M, is the mass of the neutron stam, is
ship in our calculations. Clearly at very large distance fromthe mass of a baryofnere we take it to be a protyrand the
the surface of the neutron star the exponential acceleration ¢flanck mass is defined in terms of Newton’s constant by
mass elements will no longer make sense. It has been arguag,, =1/,/G. With these approximations the radi(is units

however, that this approximation will be adequate for theof 107 c¢cm) at which a temperatur€,=T/10° K will be
purposes of computing nucleosynthesis yields in the regiofyynd is

above the neutron star before freeze-out from nuclear statis-

tical equilibrium takes placg7]. Our calculations take place 2.25

prior to this region. "7 T 9S00’
A completely self-consistent model to test the effects of

neutrino flavor transformation may not be available for somewhere S, is the entropy per baryon in units of 100 times

time. However, our results indicate that the neutrino mixingBoltzmann’s constant.

(3.2
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In the region above the neutron star where neutrino flavoHere No=1/my is Avogadro’'s number. We note that the
transformation can have nucleosynthesis effects, the materiakpansion rate is extremely sensitive to the assumed entropy
will be radiation dominated and the entropy per baryon willper baryon in the wind. Expansion time scales a few
come primarily from photons and relativistic electron- tenths of a second, an®;yo~1, will imply mass outflow
positron pairs. In this case ratesM~10"® My s~!, which are probably adequate to

give an appropriate-process ejection mass per supernova if
Js
S0~ 3. 335{ 11 /2) (

3.3 the neutron star deleptonization time scale is long enough.
wheregs is the statistical weight in relativistic particles and C. Neutrino reactions and initial neutrino distribution

ps is the rest masgbaryon density in units of 18 gcm 3. functions

The statistical weight in relativistic particles will bgs To model the feedback effect oy, from expansion and
~11/2 where photons ane® pairs dominate, that is, when the neutrino mixing process we include a numerical calcula-
To=4; andg~2 for Tg=<4. tion of the reaction rates corresponding to the lepton capture

An assumed constant entropy per baryon, together witlfprocesses
the enthalpy condition in Ed3.1), imply that the mass den-

sity should fall off as the inverse cube of the radius. In fact, vetN=pte, 3.8
pxS~4r 73 for Mys=1.4 Mg, B
vet+p=n+e®. (3.9
gs | 1
P3~38< E/Z)% (34 In the absence of neutrino mixing, the populations of neutri-

nos and antineutrinos are comparable, and the forward cap-

For increasing values of the entropy the density scale heigitire process in Eq(3.8) is not as fast as that in E¢3.9).
of the wind envelope decreases. The density scale height dthis is a result of the higher average energy Ofier‘JIStI’I-

the baryon density in the wind will be bution function(absent significant neutrino flavor transfor-
mation). Ultimately, it is this dominance of the rate for the

dinp|~* 1 Mys |1 1 forward process in Eq3.9) over the forward process in Eq.
L,= “dar | T3 heo 1.4 My | Tg Sio0’ (3.9 (3.8 which produces the neutron-rich conditions which fa-

vor ther process. Note that the rates at large enough radius

whereL ,,~75.0 km. of both of the forward reactions listed above have g 1/
The effective scale height of the weak potentia., that ~ dependence through the neutrino flux.

relevant for determining neutrino amplitude evolution adia- We designate the rates of the reverse processes of electron
baticity at a neutrino mass level crossingll in general be  and positron capture in Eq63.8) and(3.9) ashk- and\ g+,
far more complicated than that in E€8.5), since with cu- respectively. At large enough radius, the forward rates for
mulative neutrino transformatiod, will not be a constant these processes can be computed as a function of radius us-
function of radius and the neutrino background contributiongng v, or?e distribution function-averaged quantities
could be large, especially near neutrino mass level crossings.
Just considering the weak potential stemming from neutrino L,
forward exchange scattering on tleé component of the N, (r)= ( ) <UV (), (3.10
plasma, the scale height would be e (E, (1)

3 1 dYy?
Y—1/3 dr

el
kve(r)“ A2 m(ovep(r», (3.11

(3.6

This equation would appear to imply that, for any radius, if
Y.~1/3, then the effective scale height of weak potentialswherea,,en andcr:ep are the energy-dependent cross sections
would be very small, and neutrino and antineutrino evolutionfor the forward processes in Eqg.8) and (3.9), respec-
through mass level crossings in these conditions would bgvely, and where angle brackets represent the appropriate
nonadiabatic. However, for.~1/3, the weak potential will neutrino (or antineutring distribution function averages, as
be dominated by the neutrino background and this will tendn
to increase the effective weak potential scale height and help
facilitate adiabaticity. o

The expansion rate of the material in the windy, (Uyen(r)>5f f o, (BN, (E, . 0,r)dE,dQ, .
=1/r, is constant when we assume that the dynamic expan- @70 31
sion time scaler is constant. We can relate the expansion (3.12

rate to the entropy per baryon and the mass outflow vate

— dM/dt [40], In the absence of neutrino conversion and for large enough

radius the forward rates dominate for both process. However,
1 45 \ [11/2 m2 3 the reverse rate; make an important contribution \_Nhen our
= _~< 2)( ) A( PL ) S*M. (3.7) calculations begin, even in the absence of conversion. After

g 44m°)\ Qs Mnsmp transformation, the forward rate or rates can be greatly re-

T
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duced, increasing the importance of the back reactionswith the expansion rate. Beyond this point the electron frac-
Therefore we also include positron and electron capture ition Y, will assume a fixed value. In our calculations we are
our calculations. not in either the equilibriunffast neutrino captujestate or
The initial neutrino energy spectral distribution functions the fixed(no significant captudestate. In order to accurately
at the neutrino sphere are approximated here to be Fermdetermine the final value of the electron fraction when
Dirac. The normalized form for thegeitial, neutrino sphere particles and neutrino mixing are present, we follow numeri-
energy distribution functions is then cally the evolution ofY, through the process of weak freeze
. £2 out.
initial _ v
BT T ) exaE T,

E. Nucleosynthesis

) ) ) ) Here we review the evolution of a mass element which
where E, is the neutrino(or antineutrind energy, 7,  |eaves the surface of the protoneutron star. Very near the
=, /T, is the degeneracy parameter, or neutrino chemicaheytron star surface the material is at quite a high tempera-
potential divided by neutrino temperatufg. In Eq.(3.13  (yre. In fact, the plasma temperature there will be compa-
F2(#,) is the relativistic Fermi integral of rank twe.g., se€  aple to the temperatures which characterize the inital

Ref. [13], p. 795. and v, distribution functions. In this regime NSE will obtain.

In fact, the true neutrino and antineutrino energy distribu- t an entropy per baryo 1, and with the temperature
. . . A 100’\-’ y
tion functions near the neutrino sphere are revealed by d his high, NSE will demand that the baryons are in free

tailed transport calculation34] to in some cases deviate nucleons rather than nuclei, so that only neutrons and pro-

significantly from a Fermi-Dirac form, especially on their tons are present. As the material moves out to where the
high-energy tails. For various epochs, degeneracy parameters P '

betweensn,~0 and#,~3 give the best fits to the numerical :Er?cf)rﬁ:ature drops beloW=750 keV, «a particles begin
results. Here we will adopt;,=0 for all initial neutrino '

energy distributions. We take temperatures for our distribu- eg?utrheecféﬂgnilggn; n;arlllmi\tlises(\)/r?wr;;uér:rr gz:::l?d f:]v%:ggé
tions which are typical of those obtained at 3—-10 s pos ' 9 y

bounce, T, =3.5 MeV andT, =4.5 MeV. Similarly the 0 assemble>{ part!cles and free neutrons into nucIey—some
. e . . e o heavy nuclei begin to form. At this point the material will
neutrino and antineutrino energy luminosities are selected tBegin to freeze out of NSE through a series of quasiequilib-

match(roughly) those of the numerical transport calculations vj;m stage$41,14. In the freeze out from NSE the charged
H — 1 =1 . ! i T )
at this late epoch. Here we addpf =1x10°* ergs s* and particle reactions fall out of equilibrium first as a result of the
L;e=1.3>< 10°! ergs st extreme temperature dependence of their nuclear reaction
In our numerical computations of neutrino flavor mixing, rates engendered by the large Coulomb barriers associated

we start with initial v, and v, distribution functions at the With big nuclei. Eventually, the only reactions left in equi-
neutrinosphere in the form given in E3.13, and zero librium are neutron capturen(y) and photodisintegration

. . — reactions {,n). This final stage is when neutron capture
fluxes of all sterile species. We then evolve the ve,  »s builds the heavy nuclei which are the progenitors of the

and v amplitudes so that the initiefl,""*(E,) evolves into  _process nuclear species we observe in the Galaxy today.
the distribution functions employed in, for example, Egs. | our calculations, along the trajectory of a fluid element
(2.13 and (2.14: f,(E,.0,r)=P(E,.0.r)f1"*(E,). Note  we follow all thermodynamic and nuclear evolution relevant
that we perform only radial evolutionf(=0) to obtain our  for Y, evolution out to the point at which the first heavy
main results. Nonradial effects are discussed at length in Seguclei begin to form. At this poinY, has evolved to where it
V. is essentially fixed, although a few neutrino capture reactions
will still take place which can alter final element abundance
D. The electron fraction yields[14]. The nuclear equation of state which we employ

The electron fraction is set by competition between the Our computations is discussed at length in R88].

forward reactions in Eq93.8 and (3.9 and their reverse
processes of electron and positron capture as outlined above. F. a effect
The rates for the latteireverse reactions, which depend on One difficulty in obtaining an adequately low electron
the electron temperature and degeneracy parameter decredsgtion Y, (and, hence, an adequately large neutron to seed
much more rapidly than the rates for the former reactionspycleus ratip is the « effect outlined in the Introduction.
which depend on distance from the neutron star and neutrinphis effect is the major impediment to obtaining a successful
distribution function evolution. In the limit that the capture r process in neutrino-driven wind models. As discussed
rates are very fast in comparison with the material expansioabove, as the temperature drops below a critical value which
rateX exp in EQ. (3.7), ande particles are not yet present, the js dependent on the entropy,particles begin to form. Each
electron fraction reaches an equilibriusteady stajevalue 4 particle removes two neutrons and two protons from the
_ _ free nucleon bath. Since there were already more neutrons
Ye—Yeeq™ 1/[1+()‘Ve+7‘9’)/()‘%“‘9*)]' (3.149 than protons to begin with, the ratio of free neutrons to free
. o ) ) ) protons increases. This would imply that the ratio of free
Sincel ey is fixed with radius, while both,_and\;,_fall  neytrons to free protons is larger than the ratio charac-
off with radius, there will be a point beyond which the lepton teristic of weak steady state equilibrium. However, on a
capture rates on free nucleons are very slow in comparisofairly rapid time scalgjust how rapid depends on the mag-
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nitudes of)\,,e and)\;e), neutrino captures will occur on these capture on neutrons further raises and contributes quite sig-

free neutrons, turning them into protons. Some protons wilfificantly to the electron fraction. Thus, because of the im-
turn to neutrons as well, but the overall ratio of free neutrongortance of positron and electron capture at small radius, we
to free protons will decrease, and, hence, the ovarraliill ~ €xpect feedback effects to be small in the region where we
increase. The ultimate result of this process is that the neu!Se a static profile of.. For the highest densitiep 4

tron to seed nucleus ratio will decrease from what it wouldX 10° g/cn?), then, we use a static electron fraction profile
have been had particles not formed. This is the effect 0 compute the MSW evolution of the neutrino amplitudes.
identified in Ref.[13].

In the « effect there are no compensating or v, cap-
tures ona patrticles, since for the expected electron neutrino ) ) ] . ]
and electron antineutrino energy spectaparticles are ba- In this section we describe the numerical evolution of
sically inert with respect to the charged current interactionsN€utrinos and antineutrinos in concert with the composition
However, neutrinos and antineutrinos can still capture ornd theY. value of outflowing mass elements. We focus on
nuclei andve+n—p+e~ can continue well into the neutron the feedback mechanism: roughlyeglecting the neutrino
capture regionbetween % Ty=1), further robbing ther background termsthe value ofY, determines whether neu-

A. The mechanism

process of its requisite neutrop4]. trino flavor transformation takes place, whitg and v,, cap-
Our numerical computations include a treatmen&gfar-  tures determine/.
ticle and heavy “seed” nucleus formation as in RE35]. Here we do not follow the evolution of the

Since we also include numerical integration of the rates iy |, v, v, andv ., distribution functions. However, de-
Egs. (3.10 and (3.11, our calculations will follow accu- pending on the adopted neutrino mass level schemes, there
rately the run-up ofY, resulting from thea effect. As we  could well be transformations either among these species or
will show, active-sterile neutrino transformation can result inwith v,’s, or even with sterile neutrino species. The possible
a depressed, flux relative to the no-neutrino oscillation effects of some of these types of neutrino transformation

scenario and, in turn, this can suppress dheffect. channels are treated elsewhdf®]. In principle neutrino
transformation among the mu and tau neutrinos and sterile
IV. DISCUSSION OF RESULTS species could affect the neutrino background which is partly

responsible for drivingy, and v, evolution.

We find that neutrino background effects are everywhere
r%Lébdominant, except very close to whéfg=1/3. The neu-
trino background in principle can change both the position of

We cast our results in terms of electron fractionat the
time of the formation of heavy nuclei d~3. This corre-
sponds to a radius where the weak capture rates have beco

quite slow. Computing the evolution of the system out th'Sthe resonance and the scale heigRtecall that “the scale

far allows us to faithfully follow any potentiake effect. e ;
Throughout the calculation, we perform a full numerical so-h.elght is the scale height of weak potentjakowever,

lution of the MSW evolution equations, neglecting only the since the density gradient is so steep, the small contribution

effects of the neutrino background. No approximation is em-from the background has little impact on the resonance po-

ployed, so we can track the detailed behavior of the neutrinoglt'gg'r large neutrino eneraies. the scale height at resonance
as they pass through their resonances. In understanding the 9 gies, 9

results, however, it will be useful to keep in mind the depen-!S dominated by the derivative of, near 1/3 before we

dence of survival probability on scale height. In our scenarioIntrOOIUCe background effects. The neutrino background may

where neutrino evolution begins at very large potentials angigniﬁcamly change the conversion probability for those neu-

the vacuum mixing angle is small, passage through an adi rinos. This change affects neutrinos of much higher energy

batic resonancgwith a large scale heightgives near- ihatrr:thfe Icl)nvt\elisnwziconSIdierr,l alrzldrsochr—:‘nn:aglsvct thetitrfctkg;ﬁu?d
complete conversion; passage through a nonadiabatic res éckerour?d mgak Z’CU:S (r)wirﬁ ortaentacorr:t?i,b t?or?st tﬁ es al
nance (with a small scale height yields very little ckgro AKES an unimpo u 5 0 the scale
conversion. height for neutrinos below 50 MeV as long &n-=0.1. We

We couple the MSW evolution to a numerical calculationWi” consider the effects of including neutrino background in

which self-consistently determines temperature, electro O'F?] detaltl allt_e: tfhe d'fle[SS'on of tthe malr:jrefultt. i
chemical potential, and nuclear statistical equilibrium abun- € potential for €lectron neutrino and electron anti-
dances of protons, neutrons, andparticles, from the en- neutrino active-sterile transformation is controlled by density

tropy, density, and electron fraction at each time step. Also "[md electron fra_ctlc_Jn, since the potentidkp(Y,—1/3).
each time step, all weak capture rates are calculated, usi hen the potential is positive, th@ei”_SChinnel operates,
the survival probabilities for each neutrino and antineutrino@nd when the potential is negative, thg= v transforma-
energy bin, and the electron fractiof is updated. This new tion can take place. _ _
Y. is then used to determine the new neutrino survival prob- At the surface of the protoneutron star the density profile
abilities, as well as the updated thermodynamic and aburiS Very steeply falling, while the electron fractiofy, is ris-
dance variables. Implementation of this feedback effect is théd, as can be seen in Figs. 2 and 3. Siige 1/3 very near
substantially new element in our approach to neutrino transthe neutron star surface, there is an initial resonance for
formations in supernovae. At very high densities, the elecv.=v, at high density,p=2—-3x10° gcm 3. Immedi-
tron fraction is set primarily by degeneracy. Its increase beately following this antineutrino resonance is an electron
fore p=10° g/cn? is controlled initially by neutrino capture neutrino resonancev(= ), asY, passes above 1/3. In this
on neutrons, Eq(3.9). As the degeneracy is lifted, positron region, the density profile is steel, is changing rapidly
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FIG. 2. Density is plotted against distance as measured fromthe £ 4 Electron neutrinolower curve and electron anti-

center of the neutron star. neutrino (upper curvg capture rates on neutrons and protons re-

with radius, andY,~ 1/3. Therefore, the scale height is tiny spectively, plotted againgt, the distance from the center of the

[see Eq(2.10], so these resonances are usually quite nonagrotoneutron star, for the same choice of parameters as in Fig. 6.
\<. y 2 I

diabatic and do not yield significant flavor transformation. At "¢ 1f* dependence of the neutrino flux has been removed for

. . ._illustrative purposes only. All variation seen in the capture rates is
very largesm? sirf26, the resonances may become adiabatic, burp y P

We will return to this point below. due to transformation into sterile neutrinos.

For regions above the protoneutron star wheéges 25,
the outflow goes over to the neutrino-driven wind solution ~ This transformation is visible in Fig. 4, where we show
with constant dynamic expansion time scale, and we begin tthe electron neutrino capture rate on neutrons as a function of
include feedback effects in our calculation. In the wind theradius(with the 12 dependence of the neutrino flux divided
density continues to fall with increasing distance, althoughouf). Since we begin at high density, and therefore large
much less steeply than at the surface as can be seen from Bgeak potential, low-energy,’s transform to sterile neutri-
(3.5). In this regionY, roughly levels off with radiugbefore  nos first. As the potential falls with density, higher-energy
neutrino mixing effects and the falling density allows the v.'s transform.
electron neutrinos to pass through a resonance. The density For a sufficiently long dynamical expansion time scale
gradient is much smaller here, and so this resonance is likelismall \¢,) as in this example, the plummeting capture
to result in more adiabatic flavor transformation, for a widerate, A, , eventually falls well belown’, . This unbalances

range of neutrino mixing parameters and for a broad range ahe weak steady state equilibrium and tends to shift it in

heutrino energies. favor of the reactior;;r p—n+e"*. ThereforeY, is driven

L B B L down, as can be seen in Fig. 3. This figure shows both the
...................... equilibrium electron fractiofiEq. (3.14)] and the actual elec-

tron fraction. The local minimum in the equilibrium electron

fraction occurs when the,'s disappear. The equilibriur,

is not driven all the way to zero at this point, since positron

capture on neutrons is still marginally significant.

A decreasingY, causesV(r) to decrease more quickly
than would be the case weYg to remain fixed. This behav-
ior can be seen in Fig. 5. Another consequence of the rapid
e decrease irY, is that the scale height becomes smake

I st Eq. (3.6] and neutrino amplitude evolution through the
v — ve= v, resonances becomes somewhat less adiabatic. Con-

r (km) version of high-energy electron neutrinos, then, is slightly
less efficient than conversion of low-energy neutrinos. How-

FIG. 3. The upper pair of curves shows the actual and equilibever, for a large range of neutrino mixing parameters, almost
rium electron fraction in the absence of any flavor transformationall electron neutrinos transform into sterile states.

The lower pair of curves shows the same with neutrino mixing More importantly, the disappearance of thés can push
parameters as in Figs. 4 and 6. In each pair, the lower line correthe electron fraction to value,<1/3, makingV negative.

sponds to the equilibriunY,. Above 11 km we include the effects As a result. high-enerav.’s will underao a resonance and
of feedback. AboveéY .= 1/3, electron neutrinos may undergo flavor » N9 e 9

transformation, while belowy,=1/3 electron antineutrinos may CONVerttovg's. This does not usually drivé back up, since
transform. The neutrino driven wind parameters are the same as f€re are so fewy’s left. However, it slows down the fall of
F|gs 6 and 4. For this dynamica| time scale, the act(@t|ose|y Ye with radius, Creating a “knee” in the actual electron frac-
tracks the equilibriumY,. The near complete transformation of tion curve at around 14 km in Fig. 3.

electron neutrinos drives the electron fraction to very low values in  The beginning of the return of the electron antineutrinos
the lower set of curves. In addition, it almost completely suppressets marked by the local maximum M, . WhenY, is near 1/3,

the a effect. the change in the weak potential is dominated by the change
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>40) element formation, for a range of neutrino mixing parameters
FIG. 5. The potentialy, is plotted against distandsolid line). 8m? and sirf26, . The neutrino driven wind time scale is 0.3 s. The
For comparison we also shoW when feedback effects are not conditions necessary for a neutron-to-seed ratio of at least 100 are
included(dotted ling. The nearly vertical line at the left edge of the Within the Y.=0.18 (dashedl contour. If no flavor transformation

plot corresponds to the inmosg and v, resonance at the surface of @kes placeyY,=0.49. In the gray region nonradial neutrino paths
the neutron star. (not included in this examplemay be significant.

, . , effect if many v,'s are still present. In Fig. 3, a smadt
in the electron fraction. However, whefy, is far from 1/3, effect can be seen as the upturnvip at around 25 km.
the change in the potential is dominated by the change in the

density, which is falling rapidly. This tends to pull the po-
tential toward zero, turning it over and preventing lower-

energy?e’s from transforming and causing the higher-energy " X
— mixing parameters. Here we plot the valueYyf, just asa

vg's, which resulted fromv,— v, to transform back to ac- . L : S
i i 2 i particle formation is ending and heavy nucleus formation is
tive states. T.hIS regeneration o_g’s results in the reCOVerY peginning, for a wind model with a dynamical expansion
of nearly their full population(Fig. 4). Along with the de-  {ime scale ofr=0.3 s. One indication of whetherprocess
creasing importance of positron capture, the regeneration ofycjeosynthesis may successfully occur is if the neutron to
the v,’s allows the electron fraction to fall to very on val- seed nucleus ratiR) at the time rapid neutron capture be-
ues. Figure 6 shows explicitly the energy of thés andv,’s  gins is around 100. IR is considerably smaller than 100,
which undergo a resonance at a given position. then theA=195 peak will not form. According to Meyer and
In our calculations, the choice of the dynamic expansiorBrown [10], for a dynamic expansion time scale of 0.Rs
time scale plays a crucial role in determining the final elec->100 is possible iff ,<0.18.(Note that the definition of our
tron fraction. With a relatively long time scal@s in our time scales differs; ours is three times th@irShe Y,
example¢, many neutrino and antineutrino captures are pos=0.18 contour is shown as the dotted line in Fig. 7. As
sible, and the actuaf, closely tracks the equilibriunv,. A mentioned above, there can be further change in the electron
longer dynamic expansion timescale also augmentsathe fraction during the first stages of heavy nucleus formation
(after our calculation endisHowever, if the electron neutrino
L B B B survival probability is small, we expect this change to be
! 1 minimal.
The electron fraction is larger than is desirable for
/ | r-process nucleosynthesis on both the upper right and lower
’ left sides of the figure. We compare these regions to the
optimal behaviorcenter of the figurewhich was described
in detail above. AsSm? sin’26 decreases, conversion of elec-
tron neutrinos is less effective, since evolution through the
resonances becomes less adiabatic. In the lower left corner of
the plot, it can be seen th¥t is asymptotically approaching
the value it takes on without neutrino mixing.
0 b b b b As ém? sir26 increases, it becomes possible to have fla-
10 20 30 ; .
r (km) vor transformation proceed through thg resonances which are
closest to the neutron star surface. This can result in some of
FIG. 6. Energy of,s (solid line) and v.s (dashed lingunder-  the €lectron neutrinos and antineutrinos being partially con-
going resonance plotted against distance from the center of the pré/€rted to sterile species before they leave the vicinity of the

toneutron star, for sf2d,=0.01, andSm?=20 e\?, and a dynami-  surface of the protoneutron star. When thés encounter the
cal time of =0.3 s. For this choice of parameters, electronlater resonances, those that were previously converted to

antineutrinos below-25 MeV never undergo a resonance beyondsteriles can convert back to electron neutrinos. This leaves a
the surface of the neutron star. A resonance may cause a near copartial complement of electron neutrinos which cauggso
plete or partial flavor transformation, depending on the adiabaticitydrop less than in our optimal example.

B. Variation of parameters

Figure 7 explores the effect of variation in the neutrino
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FIG. 8. The percentage difference in thg capture rate at 11 FIG. 9. Asin Fig. 7, but for a time scale of 0.1 s. The conditions
km, between calculations including and not including the effects ofnecessary for a neutron to seed ratio of at least 100 are within the
nonradial neutrino paths. Y.=0.19(dashedl contour. If no flavor transformation takes place,

Y.=0.47.

2 i 1 1 T
When m?” sin’26 is large, mostve's andve's convertto  goqje height is smaller, and therefarg conversion is less

sterile states in the inner resonances. Then, in the wind refficient. The v.’s which survive conversion in this case
gion, v¢'s convert back to active states and thes convert ., ,ce 5 Iargeneeffect

to. sterile states. For_sufficient_ly Iafrﬁn2 sinf26, we end up In Figs. 9 and 10, we investigate the impact of varying the
with a large population of active.'s and a smaller popula- 4y namic expansion time scale. With a longer times¢alg.
tion of v¢'s. This drives the electron fraction above 0.5 and10), there is more time for the actudl, to approach the
the laterv, mass level crossings never occur. equilibrium value, but also a strongereffect. Thea effect

In this region nonradial neutrino paths play an importantpulls the final electron fraction toward 0.5, shifting all the
role in the neutrino evolution. Neutrinos which leave thecontours away from the 0.5 contour, as compared with the
neutrino sphere nonradially find the inner resonances morghorter expansion time scale case.
adiabatic, since they encounter them at a grazing angle. We will now consider the movement of the island of
Therefore, if we consider nonradial neutrino paths, the insmallestY, as the dynamic expansion time scale varies. The
most resonance will begin to cause transformation at loweisland moves up and down iBm?, roughly along lines of
5m? sirf26. We do not include these effects in Fig. 7, but we constantdm? sin26. There is a different location for the op-
estimate their importance by computing the relative differ-timal island of parameter space because different resonance
ence in they, capture rate on neutrons at 11 km with andlocations are optimal in reducinyg, for different dynamic

without nonradial effects: expansion time scales.
) _ There are three ways that the resonance location affects
relative differences (radial rat¢ — (nonradial ratg the final value ofY,,. First, the closer the neutrino mass level

(nonradial ratg ' crossing position is to the surface of the protoneutron star,
(4.2))  the more readily the actual value ¥ will track the equi-
librium value. This is mostly because of the Z8ependence
of the neutrino flux and the associated radial dependence of
(As can be guessed readily from the neutrino emission gex —and\; . Second, the resonance position—and thus its
ometry, nonradial neutrino paths have very little effect atad?abaticit;—affects the number of’'s present whem par-

larger radii) The relative difference is shown in Fig. 8. The _. ;
AR Lo icles form, and therefor rtl rmin h rength of
dotted line in Fig. 7 corresponds to a 10% reduction inithe ticles form, and therefore partly dete es the strength o

capture rate from nonradial effects. Above this line, a full

treatment of neutrino oscillations in the presence of neutrino : N N'\ \\
scattering at high density, including nonradial effects would 50 ¢ Q"? A7 Q‘{J\:
be necessary in order to fully understand the implications of ~ \
these neutrino mixing parameters foprocess nucleosyn- % 20 1
thesis. el &

Although the lines of constanim? sirf26 describe much g L \9'\ 3
of the behavior seen in the plot, there is additional variation 5F ok o2 AR
above and below the island of lowest electron fraction. As i \ \ \\?\,\ ]
dm? decreases along a line of constam? sirf26, the den- Py I U VE WA W
sity at which the electron neutrino resonance occurs de- 107* 107 107 107!
creases and the distance from the protoneutron star increases. sin®20,

At larger distance the neutrino capture rates are smaller, due

to the 12 dependence in the neutrino fluxes, so the actual FiG. 10. As in Fig. 7, but for a timescale of 0.9 s. The condi-
Y. approaches the equilibriur, more slowly. Therefore, tions necessary for a neutron-to-seed ratio of 100 are within the
the final Y is higher. On the other hand, @mn? increases, Y.=0.15(dashedl contour. If no flavor transformation takes place,
the electron neutrinos convert at higher density, where th&,=0.50.
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the « effect. Finally, the twov, resonances in the wind re- -
gion may have different adiabaticities. B
For the very short ranges of dynamic expansion time [
scale, the optimal island in parameter space moves to larger <
values ofdm?, where the resonances are closer in generalto &
the surface of the neutron star. A deep resonance produces ™
the lowesty, at short expansion time scale primarily because E
it is necessary to convert the’s where the neutrino fluxes >
are large, so that the actual valueYgftracks its equilibrium |
value. At short expansion time scale the electron fraction 0
falls out of weak equilibrium quickly. Since a deep reso-
nance is less adiabatic, it leaves a larger population of re-
sidual v,'s when « particles form. However, at short dy-
namic expansion time scale, theeffect can be quite small,
so that the surviving’,'s have little effect. Since the electron  FIG. 11. The potential®/(r)=p(Y.— 1/3), for the two density
fraction freezes out so quickly at short dynamic expansiormrofiles which we consider. The solid line shows the potential we
time scale(the weak freeze out radius is small in this gase used for most of our calculations; the dashed line shows the poten-

the population ofr,'s becomes relatively unimportant by the fia! for the alternate density profiksee Sec. IV &

time they begin to convert to sterile species. . L . .
Conversely, at long dynamic expansion time scale, the In addition to the variation of parameters in the wind

island of optimal parameter space for reducifigmoves to model, one must also consider variation in the density profile

smaller values ofm?2. The resonances in this case are far-P€fore the wind takes over. This is particularly important

ther from the surface of the neutron star. Here it is not sgoince If this is less steep than in our example, there will be

important to convert the,'s deep in the supernova because More conversion of electron neutrinos in the first resonance,
e 1] . . .
in this scenario there will be time for them to affect the Potentially destroying the low’, solution that we have pre-

electron fraction even if their flux is relatively small. sented. We tested this by employing a different, unrealisti-
It is, however, important to convert as many's as pos- cally flat density gradient in the intermediate region, the po-
sible in this case, if the pernicious increaseYin stemming tential for W?'Ch IS sholvvn n _F|g. 11, gnd genelrat|_r|1_% the
from the a effect is to be minimized. Finally, for this sce- same type of contour plot as In our main example. The re-
nario, the population oF’s at larger radius will be impor- sults are shown in Fig. 12. Clearly, this part of the density
rofile has a quantitative impact on the solution, although it

tant, since the actual eIectron fraction does track its equmbp g P g

does not change our qualitative conclusions.
rium value so closely. As the,'s convert to sterile species,
the actual electron fraction falls very quickly through 1/3,
and v.'s begin to convert to steriles. Both becaugg is
falling so quickly and because this first resonance occurs ~ Here we have followed in the region above a hot proto-
at a position where there is a comparatively large densityeutron star the evolution of the, and v, neutrino distribu-
gradient, the neutrino amplitude evolution through the resotion functions including active-sterile neutrino transforma-
nance may not be completely adiabatic. The seoqnnbso— tion in the channels.= v andv,=v,. This evolution was
nance, however, will be adiabatic as usual. Thus, soge  Ccalculated from the surface of the neutron star through the
will not convert in the first resonance, but will convert to fegion in which the key input quantities foprocess nucleo-

steriles in the second. The net effect is to lower the populasynthesis are determined. We employed a realistic outflow
tion of v.’s, and therefore raise the equilibrium value¥af. model which included feedback effects from material expan-
e

This effect is minimized if the resonances occur far from the sion and neutrino flavor-type evolution and which included a
surface of the neutron star, where they are largely adiabatic.

In both ther=0.1 s andr=0.9 s cases, the minimum in N & \
final Y, is larger than the minimum in the=0.3 s case. In 50 r V“ Q"J Q q,

10 10.5 11
r (km)

V. CONCLUSIONS

the limit of very short dynamic expansion time scale, the o

number of neutrino captures after thg resonance is very = 20 f

small and the electron fraction remains high. For example at o i \\

7=0.01 s, neutrino conversion has very little effect on the g

electron fraction. The region of low, will disappear at very 5F

low expansion rate, owing to the strengthening of thef- I

fect in this limit. —
An alternative solution to the-process problem would be 10

to invoke a very rapid outflow in the absence of neutrino

flavor transformation. This suppresses both the alpha effect

and the assembly of seed nuclei, therefore increasing the FIG. 12. Contour plot generated with alternate density profile. In

neutron-to-seed ratio. However, it is not obvious that thethe grey region nonradiab paths may be significant. Nonradial

neutrino heating mechanism can be responsible for sucpaths will not be important at highm? because the potenti®i(r)
rapid ejection. turns over at a fairly small value.




PRC 59 ACTIVE-STERILE NEUTRINO TRANSFORMATION ... 2885

nuclear equation of state sophisticated enough to model ad- We have implicitly assumed here that the deleptonizing
equately thex effect. neutron star is not itself a source of sterile neutrinos. This
We have found that a very interesting range of vacuunseems reasonable on two grounds. First, we can invoke very
neutrino mass-squared differences 32&\Wm3<70 e\  small vacuum mixing angles between active and sterile neu-
and vacuum mixing angles $R¥,:=10"2 produces effects trino species. That suits our purposes in the late-time
which favor an increase in the neutron to seed nucleus raticeutrino-driven  wind because we rely on matter-

(Here, 5m§s and 6, refer to the parameters that control the enhancement of neutrino flavor transformation. For the neu-
trino mass differences employed in this paper there will be
o mass level crossings deep in the core and, in fact, matter
effects will then further suppress mixing. Second, the neu-

trino mean free paths in the core can be very short, so that

ir.radiating the nucleosynthe;i; region. These effects act tgoherent flavor transformation is unlikely. The problem of
aid r-process nuclgosynthe3|s in two ways} the lowerY, neutrino production, interaction, and propagation in dense
translates directly into more neutrons that can be captured 9.4 hot nuclear matter is a difficult one and merits much

make the heavy-process nuclides an@), the diminished ¢ ther study.

ve=1vs and ve= v, evolution) In fact, the optimal range in
neutrino mixing parameters produces a greatly reduced ele
tron fractionY . and a significantly smaller population of's

flux of v¢'s helps to disable the perniciouseffect, whichis  of course, it is never legitimate to invoke novel weak
a serious obstacle to obtammgprocess nucleosynthesis in jnteraction physics at some point late in the evolution of the
neutrino-heated supernova ejecta. supernova without an assessment of how this new physics

_ These effects that are beneficial to therocess in this  couid have altered the picture in earlier epochs. In particular,
site come about through the disproportionate disappearan¢ghat would be the effects of the neutrino mass and mixing
of the v, population relative to the.'s. In turn, the reason scheme we invoke here to help theprocess on the core
that so many more’'s are converted to sterile species thaninfall epoch, and on the shock reheating epoch? The infall of
ve— v i our calculation has to do with a new effect which the presupernova iron core is characterized by low entropy
we point out here for the first time. A self-consistent calcu-Per baryon, relatively high densitiesp%10™ gcm?,
lation of the electron fractiofY, with neutrino transforma- Where neutrinos are trapped and at least partially thermali-
tion and with a proper treatment of the material outflow ratezed and, with the typical equations of state employed, elec-
shows that although thEe are converted to sterile species, tron fractionsY>1/3. These conditions imply that our cho-

they are regenerated before thg in the wind freezes out. sen range of neutrino mass and Mixing parameters will
This behavior also prevents the system from reaching thQroduce no neutrino mass level crossings which could alter
fixed point in its evolutionY,=1/3 the standard core collapse picture. In short, the requiretl

A proper treatment of e;pansi.on coupled with evolu- to obtain a level crossing on infall is much largeee Ref.
tion is a necessary step in obtaining this new result. In fact[,%])'

find that th K ial driving— v | diatel Likewise, the Sm? values required to obtain a neutrino
we find t at'; e weak potential driving.— vs Immediately oo oyl crossing under the shock during the supernova
past the radius wher¥, crosses below 1/3 has a peaked

. ) . . o explosion (or shock reheating epoch are large sm?
structure with radius. This potential at first rises as the quanz. 155 g\2 (see Ref[37] for a discussion of active-active
tity (1/3—Y,) rises, and then falls with increasing radius as__ i

_ S | neutrino flavor transformation during shock reheatingt
the baryon density drops. This implies that there will be WOy o epoch, however, we are much less certain about the

level crossinggresonancesin the ve=ws channel within a  range ofY, values likely to be encountered either near the
short space in radius. Thereforg's converted at the first surface of the core or in the higher entropy material behind
resonance are regenerated at the second. the shock.

We have employed several approximations in obtaining In fact, we expect this epoch to be accompanied by salt-
this result, some of which we are pursuing with further in-finger-like convective instability through the neutrino sphere,
vestigation. For convenience in computation, we have treatedhich could greatly increase the neutrino luminosities and
the neutrino flux as arising from a point source. This is un-neutrino heating rates immediately above the hot proto-
physical on several grounds: it leads to a too rapid fall-offneutron star surface. In turn, this increased heating probably
with radius of neutrino and antineutrino capture rates and iteads to convection and and to large and small scale inhomo-
implies no neutrino background terms in the weak potentialgeneities in density, entropy, and electron fraction. It is pos-
As outlined above, however, we expect the neutrino backsible that the fluctuation amplitudes on relevant scales at this
ground to dominate the weak potential whafg=~1/3. Just epoch will be large enough to destroy complete adiabatic
where and to what extent the background will dominate andheutrino flavor evolution through resonances and, hence, ren-
alter the neutrino flavor evolution from what we have pre-der our scheme inoperative at these early times. Note, how-
sented here depends on the neutrino energy spectra and kwer, that it may be reasonable to assume that the material
minosities. In turn, there exists a wide range of possible valoutflow is much smoother and so conducive to adiabatic neu-
ues for these quantities at the late epoch whepeocess trino flavor evolution in the later neutrino-driven outflow re-
nucleosynthesis is an issue. This variation in neutrino emisgime where we envision theprocess to originate and where
sion parameters reflects the range of nuclear equations ofur scheme could operate. Fluctuation-induced neutrino fla-
state, neutrino opacities, and neutrino transport physics envor depolarization in the context of supernovae and the Sun
ployed in the various numerical computations. We are inveshas been investigated in detail in the active-active channel
tigating the ranges of late-time supernova conditions fof38], and these studies should be directly applicable as well
which our effect will be operative. in the active-sterile channel employed here.
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We intend to investigate the effects of active-sterile mix-cannot at this time preclude other non-neutrino-mixing astro-
ing schemes on shock reheating and on the production of thghysical fixes for the process, such as the alt3ernate site of
neutron numbeN=50 nuclei and the lighp nuclei which  neutron star mergefgl3], and we cannot say for absolutely
may originate during this epocfl3,39. In particular, if certain that we need theprocess from neutrino-heated su-
large scale neutrino flavor transformation somefimesoc- ~ Pernova ejecta. Nevertheless, it is interesting that light sterile
cur at this epoch, then a reduction in the electron fractiorN€utrinos mixing with electron neutrinos could affect the
would exacerbate the existing problem in some supernovaynthesis of the heaviest elements. At the present time there
models of the overproduction di="50 nuclei. Ultimately, IS & flurry of new instruments which are bringing in new data
since the conditions during the shock reheating epoch anfjlich bears on the issues surroundmprocess nucleosyn-
the later neutrino-driven wind epoch are so disparate, we fe% esis, so it may be possible in the future to resolve uncer-
that our new scheme to help therocess stands on its own. ainties. If there truly are “sterile” neutrinos, then astro-

Our results are potentially significant in the debate ovelphySIcal means, principally nucleosynthetic, represent

h | thesis tak I " the Gal robably our only hope for learning about their properties.
where Fprocess nucleosyntnesis takes piace in the t>alaxy. Finally, what of the implications of our results for particle
There is fair evidence that at least some of thgrocess

. . . . ) physics? In our models we ignore the mu and tau neutrinos
nuclides are made in an environment associated with corgnq their antiparticles as these play a negligible role in the

collapse supernovakype I, type Ib, and type Ic supemo- cleosynthesis scenario considered here. Our model would,

vae [2]. N . _ . for example, be consistent with having the sterile neutrino
As outlined above, it is so far difficult to obtain conditions 2«5 at around-2—8 eV while having all of the active

favorable for r-process nucleosynthesis in conventionaly,q trinos clustered near zero mass. with theand v, /v
neutrino-driven outflow modelgl4], especially when ther split by ~10- 10 o\2 tg ~10°4 eV2 ,to give the fal\L/oréd
effect is included 13]. Itis an open question as to whether or gq|ar neutrino solutions, and to have the mu and tau neutrino
not the problems withr-process nucleosynthesis in this site maximally mixed with their masses split by some
can be remedied through the tuning of the astrophysical as- 15-2 g\2 tg give the Superkamiokande result for atmo-
pects of the outflow model. Furthermore, it is not really goheric neutrinos. The LSND result could be accommodated

known whether it isrequiredto haver-process nucleosyn- iy or model by invoking an indirect vacuum oscillation of
thesis come from this site in order to explain the observa—

tional and meteoritic datésee Ref[40)). It has been argued, " IO ve via the sterile species;, — vs— ve [44]. By con-

however, that neutrino post-processing may be important ir}raSt’ other schemes involving s_terile_neutrin_os des_ign_ed to
' ’?ther procesq19], would predict active-sterile mixing in

understanding the observed abundance patterns and this m uti t th | i bl W

imply that supernovae or neutron star binary mergers, o € sun as a solution ot the solar neutrino problem. YWe may

both, play a role irr-process synthes(gl2]. ave a resolution of this question from the Sudbury Neutrino
! pbservatory in the near future. In any case, the future is

Based on our work here we can say, however, that | romising for the role of-process studies to help constrain
neutrino mass and mixing parameters are in our optima’P 9 P P

range, then a broad class of neutrino-driven outflow modelggg;{”r;%:qzise?ﬁem?ggn?eois::;' Igotl:Jl(rjn,hl;L:turL:as rliugé?]o
have thenecessaryconditions to produce the process. P y P

Moreover, we would obtain the process in these models in strain the site of-process nucleosynthesis.
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