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ABSTRACT

Neutrino oscillations, especially to light sterile statesn dfect the nucleosynthesis yields because of their
possible feedbackfiect on the electron fractiory§). For the first time, we perform nucleosynthesis calcu-
lations for neutrino-driven wind trajectories from the tréwp-cooling phase of an 8.8l electron-capture
supernova, whose hydrodynamic evolution was computedherégal symmetry with sophisticated neutrino
transport and whosé. evolution was post-processed by including neutrino catailhs both between active and
active-sterile flavors. We also take into accountdheffect as well as weak magnetism and recoil corrections
in the neutrino absorption and emission processes. We \absgects on theY,. evolution which depend in a
subtle way on the relative radial positions of the sterileWl&sonances, of collective flavor transformations,
and on the formation at-particles. For the adopted supernova progenitor, we fiatirtbutrino oscillations,
also to a sterile state with eV-mass, do not significanfiiga the element formation and in particular cannot
make the post-explosion wind outflow neutron rich enoughctivate a strong r-process. Our conclusions
become even more robust when, in order to mimic equatiostaie dependent corrections due to nucleon po-
tential éfects in the dense-medium neutrino opacities, four casésradtucedy, in the wind are considered.

In these cases, despite the conversion of neutrinos téestenitrinos)Y, increases compared to the values ob-
tained without oscillations and active flavor transforras. This is a consequence of a complicated interplay
between sterile-neutrino production, neutrino-neuthmeractions, and-effect.

Subject headings: supernovae: general — nuclear reactions, nucleosynitasiadances — neutrinos

and of ®Fe (Wanajo etall"2018b). The two-dimensional
hydrodynamic simulations do not provide conditions for
a strong r-process, although a weak r-process cannot be
excluded if the ejecta were slightly more neutron-rich than
obtained in the models.

SAfter the launch of the SN explosion, the proto-neutron star

» (PNS) cools because of the emission of neutrinos. Due to
capture reactions and scattering events, neutrinos deposi
energy in the outer layers of the PNS, giving birth to an

1. INTRODUCTION
Stars with masses larger thar8 My end their lives as

core-collapse supernovae (CCSNe, €.g., Woosleylet all)2002
In particular, those with initial masses betwee® and~10

Mo form electron-degenerate cores composed of oxygen
neon, and magnesium (O-Ne- Mg) and end their lives either a
O-Ne-Mg white dwarfs or as “electron-capture supernovae”
(ECSNe?m ) 1987) when electrons are captured on Ne

and Mg and trigger the collapse of the stellar core. Since EC-
SNe represent up to 30% of all CCS

[1999; [Poelarends etlal. _2008; Wanajo etlal. 2D11b),
could significantly contribute to the Galactic chemical

enrichment with heavy elements (Ishimaru & Wafiajo 1999).

Electron-capture supernovae were suggested as the sit
of r-process (rap|d neutron -capture) element productlon

4;["Wanajo eflal.—2003; "Ning €t a
2007). For comprehenswe reviews on the r—process
see | Wanajo & Ishimaru | (2006); _Arnould ef all__(2007);
Thielemann et al.[ (2011). However, recent nucleosynthesi

studies [(H&fman et al! 2008; Wanajo etlal. 2009), based on

self consistent §drodynam|c simulations of the explosio

6;._Janka etlal. 2008), do not support

the productlon of elements with mass numbers heavier

than A ~ 110 in the early ejecta of ECSNe, but suggest
interesting production of light trans-iron elements from Z

to Zr (Wanajo et di[ 2011b), of®Ca [Wanajo et al. 201Ba)
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outflow mainly composed of free neutrons and protons, the
so-called neutrino-driven{driven) wind — se k@lZ)
nd [Arcones & Thieleman 13) for recent reviews on
the topic. While expanding away from the neutron star, the
y-driven wind matter cools and the nucleons recombine,
producing alpha particles and some fraction heavier nuclei
The v-driven wind has long been considered as a promising
site of the r-process (Meyer etlal. 1992; Woosley €t al. 1994;
EakahashLet_alLlaB4._QJan_&MLo_Q§I¢;L199§._O_tsukuat al.
|. 2001; Thompson et al. 2001). However,
the outcome of the-driven wind nucleosynthesis is strongly
sensitive to the electron fractiovy (humber of protons per
nucleon), the entropy and the expansion timescale. Recent
long-time hydrodynamic SN simulations with elaborate
neutrino transport_(Fischer etial. 2010; Hudepohl &t al(®@0
show, besides inslicient entropy, a trend towards proton-rich
v-driven winds, rather than neutron-rich ones as it would
be required for an r-process to occur. Such proton-rich
conditions might be suitable for thg-process making some
light p-nuclei [Frohlich et dl.\_ZO_O_ﬁg,H; Pruet et 006;

More recently, however, it has been pointed out that the
mean-field shift of nucleon potential energiés (Reddy et al.
[1998) significantly alters the charged-current neutrinaap
ity in the neutrinospheric layer and reduc¥s from ini-
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tially proton-rich values down to possibky0.42—-0.45 for Such intense activity triggered new interest in the role
some temporary phase of the wind evolution (Roberts]2012;o0f neutrino oscillations with and without sterile neu-
- |._2012; Roberts €tlal. 2012). This ef-trinos, and includingy-v interactions, on nucleosynthe-

fect was not adequately included in previous simulationd, a sis processes like the r-process and theprocess in
it becomes important only when the neutrinosphere reachesSN outflows |(Tamborraethl. 2012b; Duan etal. 2011;
high densities (postbounce tintyg > a few 100 ms). Atvery  |Martinez-Pinedo et al. 2011). The role of active-sterdein
late times, however, high neutrinospheric densities seggpr  trino mixing for thev-driven explosion mechanism and the
ve absorption on neutrons by final-state Pauli blocking of-elec nucleosynthesis in the earliy£100 ms postbounce) ejecta of
trons [Fischer et 4. 2011 2), escape with harder spectra, and ECSNe was discussed by Wu et &l. (2014). The authors found
Ye in the wind increases again. The matter at early and prob-that active-sterile conversions can not only suppressineut
ably late times is thus still expected to be proton-rich. heating considerably but can potentially enhance the arutr

One has to wonder whether favorable conditions for the r- richness of the ejecta allowing for the production of the el-
process can still occur in supernovae. Siivgadepends on  ements from Sr, Y and Zr up to Cd. The conclusiveness of
the competition between the capture rateg.cfndve on free these results is unclear, however, because, besides &pprox
nucleons and their inverse reactions (Fuller & Méyer 1985), mate modeling of neutrino oscillations, only sphericaiiyns
modification of the predicted neutrino energy spectra, ¥ar e metric models were considered, although multi-dimendiona
ample due to nucleon-potentiaffects, can fiect Ye in the effects had been shown to be important during the onset of
neutrino-driven outflows. Also neutrino oscillations aul the explosion (cf._Wanajo etlal. 2011b). In contrast to spher
modify the windYe,, if they significantly alter the,e andve cal models, multi-dimensional ones providéfstient neutron
fluxes beforeY, reaches its asymptotic value. Therefore, the excess to yield interesting amounts of elements between the
inclusion of flavor oscillations may be crucial for determin  Fe-group and N= 50 nuclei even without involving sterile
ing the nuclear production in thedriven wind matter and to  neutrino éfects Wanajo et al. (20111b).
clarify whether ECSNe could still be considered as candidat  In this work, we explore the impact of neutrino flavor os-
sites for the r-process. cillations (with and without the inclusion of an extra eV-

The nucleosynthesis yields (and the r-process) in super-mass sterile neutrino) on thé evolution of they-driven
novae might beféiected by the existence of light sterile neutri- wind and on the corresponding nucleosynthesis yields of an
nos, hypothetical gauge-singlet fermions that could mithwi ECSN, whose evolution can be well described in spherical
one or more of the active states and thus show up in active-symmetry and has been followed beyond the explosion con-

sterile flavor oscillations (see Abazajian etlal, 2012; Pala  tinuously into the subsequent proto-neutron star coolivagp
2013 for recent reviews on the topic). In particular, eV- (Hudepohl et dll 2010). The simulation lof Hudepohl et al
mass sterile neutrinos with large mixing imply that thdlux ) did not include the aforementioned nucleon mean-

would undergo Mikheyev-Smirnov-Wolfenstein (MSW) con- field effects in the charged-current neutrino-nucleon reactions
versions [((Mikheyev & Smirnov 1985; Wolfenstein 1978) to and resulted in the ejection of proton-rich matter througho
vs closer to the SN core than any other oscillatidieet. We the wind phase. We still use this model to examine neu-
assume that the sterile state is heavier than the activeb@res trino oscillation éfects in the neutrino-driven wind, because
cause of cosmological neutrino mass limits_(Abazajianlet al the wind dynamics and thermodynamics conditions are only
[2012). The idea that removing the flux by active-sterile ~ marginally changed despite the impact of the nucleon po-
oscillations could favor a neutron-rich outflow environrhen tentials on the electron fraction (e!g. Martinez-Pineidalle
was proposed some time ago (Beun ét al. 2006; Keranen et al2012).
2007] Fetter et al. 200B; Fetfter 2000; McLaughlin et al. 1999  Our paper is structured in the following way. In Sect. 2,
Hidaka & Fuller 200/7; Nunokawa etlal. 1997). However, the we describe the-driven wind trajectories adopted for the nu-
considered massfiierences were larger and the possible im- cleosynthesis calculations, as well as our reaction ndétwor
pact ofyv-v interactions in the active sectm%-om) In Sect. 3, the electron fraction evolution and the nucleesy
was not taken into account. thesis results are presented when no neutrino oscillations
Recently, renewed interest for low-mass sterile neutrinoscur as fiducial case. After introducing the neutrino mass-
has arisen since they have been invoked to explain the excessiixing parametersin Sect. 4, we briefly discuss the osicihiat
ve events in the LSND experiment (Aguilar ef al. 2001; physics involved in the nucleosynthesis calculations. @ur
Strumia | 2002;| Gonzalez-Garcia & Maltbhi 2008) as well sults forYs and how it is #fected by neutrino oscillations (with
as the MiniBooNE excess (Aguilar-Arevalo et al. 2009a,b; and without sterile neutrinos) including the correspogaio-
. [2009; [ MiniBooNE Collaboration ef al. cleosynthesis are presented in Sect. 5. In Sect. 6, we inteod
[2012). Moreover an indication for the possible exis- four toy model cases for the andve energy spectra in order
tence of eV-mass sterile neutrinos comes from a newto explore the possible consequences of nuclear mean-field
analysis of reactore spectra _and short-baseline _exper- effects in the neutrino opacities. Finally, we present our con-
iments (Koppetdl. [ 2011;[ Giunti & Laveder__2011a,b; clusions and perspectives in Sect. 7.
(Giunti et al! 2012; Donini et al. 2012; Giunti et/al. 2013).€Th
Hamann et all_2010; Hou etlal. 2013; Hinshaw etal. 2013; We use one-dimensional (1D) long-time simulations of
Planck Collaboration et al. 20138; Archidiacono etlal. 2013) a representative .8 M, progenitor [(Hudepohl et al._2010),
as well as big-bang nucleosynthesis (Pettini & Cooke 2012; performed with the equation of state [of Shen étlal. (1998).
/Aver et al.[2012) point towards a cosmic excess radiationFor the present study we adopt the Model Sf 21
compatible with one family of fully thermalized sub-eV ster  (see Hiidepohl et Al. 2010 for further def@jils In the cho-
ile neutrinos or one or even two partially thermalized #&eri
neutrino families with sub-e/¢V mass[(Archidiacono etal. 5 Model Sf 21 is analog to model Sf bf Hiidepohl et Al (2010) et
2013 LG.lusLaLma_el_HL_ZQM) computed with 21 energy bins for the neutrino transporeidtof the usual
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sen model, the accretion phase ends already at a postbounaaimber density of free or bound particle spedieslative to
time oftp, ~ 0.2 s when neutrino heating drives the expansion baryons. The loweY, is, the more the environment is neu-
of the postshock layers and powers the explosion. The subsetron rich, and thus the more favorable it is for the r-process
quent deleptonization and cooling of the PNS were followed to occur (e.g. | Himan et all 1997). On the other hand,

for~10s. Ye > 0.5 implies that the matter is proton-rich aperich nu-

In order to perform the network calculations for the nu- clei could be formed through thep—processl.
cleosynthesis in the neutrino-driven wind, we use 98 ejecta2006a/ Pruet et &l. 2006; Wanajo 2006).
trajectories. Figur€ll shows the time evolution of the dis- Having in mind the overall evolution of abundances with
tancer from the center of the PNS (top panel), temperature radius and time and assuming that the reactions of neutrinos
T (middle panel), and matter density (bottom panel) for  on nuclei are negligible, the/ p ratio in the wind ejecta is set
these mass-shell trajectories as functiongof The outflow by B-interactions of electron neutrinoss] and electron an-
evolution of 7 of the 98 trajectories, corresponding to ini- tineutrinos ¢e) with freen andp and their inverse reactions:
tial timesty = 0.5,1,2,2.9,4.5,6.5,7.5 s ¢, being measured N _
when the temperatur® = 9 GK), is highlighted with dif- vetN=p+e, (2)
ferent colors. We adopt these seven trajectories as r@prese Vet+ p=n+e'. 3)
tative of the cooling evolution of the PNS to discuss the im-
pact of neutrino oscillations (with and without an additibn
light sterile neutrino) on the nucleosynthesis in thdriven
wind. The total ejecta mass of the 98 mass-shell trajecorie
is Mog = 1.1 x 10~ Mo.

In the network, 6300 species are included between the ; o o
proton-drip line and neutroFr)w-drip line, up to tie= 110 iso- Because of slow time variations of the outflow conditions

. . . during the PNS cooling phase, a near steady-state situa-
topes (see Wanajo etlal. 2009, for more details). All the im- ; : vy
portant reactions such as(n, ple, 7e(p, N)e", (0, 7), (p. ), tion applies|(Qian & Woosley 1996) and the rate-of-change

(@7), (p.N), (@ 1), (@ p), and their inverse ones are taken _of Ye within an outflowing mass element can be written as

i 2 McLaughlin et al. :

into account. Thee andve capture rates on free neutrons and n [(1996)

protons are calculated ag in Horowitz & Li (1999) and thus in- dYe dYe p p

clude recoil and weak magnetism corrections. The neutrino- T VU)W = (A + Ae)Yn = (A + 4e)Yp . (4)

induced reactions on heavy nuclei are not included singe the . . .

have negligible fiects (Meyer et al. 1998). The nucleosyn- wherev(r) is the velocity of the outflowing mass element, the

thesis calculations start when the mass-shell temperdaire i are the reaction rates, aivfj andY}, are the abundances of

creases to 9 GK, with an initial composition of free neutrons free nucleons. S ) . )

and protons with number fractions of-1Y, andYe, respec- In the free streaming limit with neutrinos propagating radi

tively. ally, the forward reaction rates of EqEI[{2,3) can be written
terms of the electron (anti)neutrino emission propertges a

The Y, evolution therefore depends on the spectra and lumi-
nosities ofyve andve. Modifications of the neutrino emission
properties, such as the energy spectra, due to flavor oscilla
tions could significantly change thg p ratio and thusye in

the wind.

3. ELECTRON FRACTION EVOLUTION

The matter in a fluid element moving away from the PNS Ay = % (Ove) s (5)
will experience three stages of nuclear evolution. Near the 4nr=(E,,)
surface of the PNS, the temperature is so high that the matter 1~ Ly, B 6
is in nuclear statistical equilibrium (NSE) and nearly il o " Anr2(E;) (o) » (6)

the baryons are in the form of free nucleons. As the material o _

flows away from the PNS, it cools. When the temperature is WhereL,, andL;, are the luminosities ofe andv. respec-

T < 1 MeV, a particles begin to assemble, from which heavier tively, (E,.) and(Ey,) the mean spectral enerdie¥heve and

nuclei form byaaen and 3 reactions and subsequent captures ve capture cross sections of the forward reactionf] (2,3), av-

of a particles and free nucleons. eraged over the correspondingandve energy spectra, are
Together with the entropy and the expansion time, a basic{(c,,) and(c+,), respectively. Including the weak magnetism

quantity defining the conditions for element formation (and and recoil corrections, the average neutrino capture cexss

eventually an r-process) is the excess of initially freer p tions arel(Horowitz & Lli 1999):

expressed by the electron fracti¥n It is locally defined as

2
the ratio of the net electron (electrons minus positrons)-nu ~ A A
ber densityNe, to the sum of proton number denshis and () =k(Ev)ere | 1+ nge * B &, W, )
neutron number densityi,: A A2
(o) =K(E7 e, [1 —2— +a, (—) }er, (8)
Ne(r r ZA(r Eve Eve
Ye(r) = _ N Xp(r) + Xaz( ) + Z Al )XA(r), _
Np(r) + Nn(r) = AN wherek ~ 9.3- 10°% cn?/MeV?, &, = (E2)/(E,) (v = ve, Vo),

_ 1) a, = (E?)/(E,)?, M is the nucleon mass in MeV antl =
where X, X,, and Xa are the mass fractions of free pro- 1.293 MeV is the neutron-proton massdfdrence. The weak
tons (), « particles, and heavy elemen®, (> 2) as func-  magnetism and recoil correction factors are givery =
tions of the radius. The charge and the mass numbers of1 + 1.02b, &,,/M] andW;, = [1 - 7.22b;.7,/M], whereb, =
the heavy nuclear species &g and A, respectively. In all
neutral mediaYe = Yp andY, = 1 - Ye, with Y;j being the 6 (ENy = [ENf(E,)dE, wheref(E,) is the normalized (antineutrino en-

ergy spectrum. The energy spectrum which we use will be dhestrin
17 energy groups. Sect. 4.
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Fic. 1.— Mass-shell trajectories of the neutrino-driven wirsdfanctions of postbounce timé,g): Radial distance from the PNS center (top), temperature
(middle), and density (bottom) along the ejecta trajeetoriThe colored curves correspond to the selected 7 tragsci@presentative of the evolution of the
v-driven wind for initial timestp = 0.5,1,2,2.9,4.5,6.5,7.5 s. The kinks visible in the temperature and density evahstiof the trajectories fdp = 2 s and

2.9 s indicate the existence of a weak reverse shock.
<E3)<E )/<E2> represents the spectral shape factonfoor

ve. We point out that in Eq[{8) the spectral integration was

approximated by integrating over the interval¢g) instead of
[A, ). Since the rates,, andy, are functions of the neutrino
fluxes, they can beffected by neutrino flavor conversions.

The inverse reaction ratdg- and.e+ of reactions[{I2J3), are
given, in analogy to the forward reaction rates, by:

Ade =C-Ne - (Te ),

©)

Aer = C+ Ner - (Ter ), (10)

wherec is the speed of light. In Eq9Me- is slightly modi-

fied compared to the electron number density and given by:

00

e
1+ exply € lle

whereue = ue — A andye is the electron chemical potential.
The average cross secti@ne-) of the inverse reaction (2) is:

wo 8r
¢ 7 (2rho)3

de, (11)

2
(0e) = Ek(ge—)sg [1 + 2A +ae (A) ]w (12)
2 Ee Ee

wherese = (E2 )/(Ee-) andae = (E2 y/(E«)°. In analogy

to(EDY, (E“ yis defined by usinde (E) = ﬁ for

the electron distribution function with being the normaliza-
tion factor such thaf fe(E) dE = 1. In Eq. [I0), the positron

number density is given by:

00

N = 8n f € de
T @ J 1+ explge]

(13)

and the positron average capture cross section is given by:
A 2

( ) ]Wye, (14)
Eer

wherege: = (E Y/(Ee+) andae+ = (Eé)/(E@)Z. The energy
moments are calculated using the positron distributiortfun

tion fe: (E) = Wiz)/ksﬂ whereée is the normalization

factor such thaff fe: (E) dE = 1.
We approximate the weak magnetism and recoil corrections in
Egs. (TX.1K) by usingV,, andW;, of Egs. [I.B) with the en-
ergy moments of the emitted neutrinos, fulfilling the detdil
balance theorem. We notice that in EgsI(1R2,14) and Eli3. (7,8
we have neglected the mass of the electmy,since it does
not make any dference in our calculationsf} < E+A). We
also point out thatle- and Ae-, neglecting weak magnetism
and recoil corrections (i.e. faW, , but including
me-dependent terms, are glvedmg 985).

The nucleons involved in th&reactions of Eq[{4) are free.
Accounting for the nucleons bound inparticles, the num-
ber fractions of free protons and neutrons can be written as

(Ter) = —k<Ee+)8e+ [

Eer
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functions ofY as:

X Zp
Yo=Ye— 5= ) =Xa, (15)
2 A
Zp>2
Xa Na
Yi=1-Yo- 22— ) 2Xa, (16)
2 A
Zp>2

whereX, (Xa) is the mass fraction af particles (heavy nu-
clei). In Table 1, we list théY, values at the neutrinosphBre
radiusR, for the selected seven postbounce timgsas ob-
tained from the numerical simulation of Model Sf 21 of

Hidepohl et al. (2010).

5

one in which the wind nucleosynthesis is explored in a self-
consistently exploded progenitor, whose evolution was con
tinuously followed from collapse to beyond the explosion
through the complete subsequent proto-neutron star cool-
ing phase. Nevertheless, the results should not be taken
as firm nucleosynthetic prediction to be used for galactic
chemical evolution studies because of the absence of dense-
medium nucleon potentialiects in the charged-current neu-
trino reactions of the hydrodynamic simulation. The in-
clusion of these nucleon-potentigfects will cause nuclear
equation-of-state dependent modifications of the neutrino
emission and therefore of thg evolution in the/-driven wind

-Pi al. 2012; Roberts 2012; Robest et

Since we aim at discussing the role of neutrino oscillations |(mg) whose investigation is beyond the present work.

and of the so-calledd-effect” on theYe and nucleosynthesis
in the v-driven wind, we distinguish two cases withi@rent
X, in what follows:

(i) We computeX, using the full network (labelled “incl.
a-effect”);

(i) We keepX, constant at its value at = 9 GK as given
by Model Sf 21.

The recombination of free nucleonsdeparticles ﬁectsY{,
andY/ according to Eqs[{15) and{16) and via Hg. (4) influ-
ences the evolution of.. Since the formation o&-particles

Including 98 trajectories{a is given by:

1 &
Xa = XiaAM; , 17
v ; AAM; a7

whereX; o andAM; are the mass fractions and the ejecta-shell
masses respectively, whiMy is the total mass of the ejecta,
which we consider to be the sum of the ejected mass from
the core plus the outer/He-envelope (assumed to contain no
heavy elements):

Mot = (8.8 My — 1.366 M) + 0.0114M, =~ 7.44 M, .
Here 1.366M,, defines the initial mass cut between neutron

binds equal numbers of neutrons and protons, the remainingstar and ejecta. In order to discuss the impact of neutrino os
free nucleons will be dominated by the more abundant nucle-cillationg] in the following sections, we replace the full set of

onic species, eithar or p. The corresponding capture reac-
tions of ve (ande*) on neutrons in the case of neutron ex-
cess or ofve (ande™) on protons for proton-rich conditions
will drive Ye closer to 0.5, which is the so-calledeffect
first pointed out bjLM_QLauthm_e_t_hL_(lﬂ%) and Meyer et al.
(1998). AssumingK, to remain constant
9 GK allows us to compare our results
(2012b), where this prescription was applied for simpyiait
default of a network solver to follow the detailed evolutimi

in case iui far <
ith Tamborra et al.

98 trajectories by 7 “representativetriven wind trajectories
(Fig.[).

For the 7 representative wind trajectories, we define com-
bined mass elementdaM; (j = 1,...,7), in such a way that

Aﬂj = Z:i:iHHAMi, where the summation includes all mass
shells ejected between the representative shelland the
representative shei| (see Table 1). The first representative

shell, for example, includes all the 10 trajectories of thi f

the nuclear abundances when matter falls out of NSE. Further S€t which are ejected befoge= 0.5 s. Thus, for the 7 repre-

more, since a proper inclusion of theeffect always requires

detailed network calculations as in our case (i), we comside

case (ii) for isolating theféect of the formation of particles
onYe, as we will elucidate in Sedt] 5.

3.1. Nucleosynthesis yields without neutrino oscillations

In this section, we discuss as our fiducial case the re-

sults of nucleosynthesis in thedriven wind ejecta of an
8.8 My ECSN without taking into account neutrino oscil-
lations (but including thex-effect). Note that nucleosyn-

thesis computations were done in previous papers adopt.

ing semi-analytically [(Wanajo etial. 2001; Wanzjo 2006)
or hydrodynamically[(Frohlich et &l. 200
[1994;Pruet et a

6b; Takahashilét a
[.20D06; Arcones & Morites 2011) computed

neutrino-driven winds. With the exception of investigaso

by IMever et al.[(1992) and Woosley et al. (1994), who used

the now outdated model of J. Wilson, however, the other
existing calculations were based on a number of simplifi-

cations or considered only constrained periods of evatutio

(like [Pruet et al'2006).

7 The neutrinosphere is defined as the region at which theinesitor
antineutrinos escape from the proto-neutron star surféd@notice that, in
general, the neutrinosphelR; is different for diterent (anti)neutrino flavors.
We assume, to be roughly the same for all flavors.

In this sense, our study is the first

sentative trajectories, we define:

7
1 —
Xa=—— E XiAAMj,
A Miot =1 WA :

with X; being the mass fractions for theh trajectory.

Figure[2 shows the nucleosynthesis mass fractions, without
taking into account neutrino oscillations, for the 98 tcaje
ries and for the 7 trajectories after mass integration dver t
ejecta mass-shell range as given by Hgs. (17)[add (18),aespe
tively. In the left panel, the mass fractiokg obtained for all
of the 98 available-driven wind trajectories are compared to
the ones obtained for the 7 selected trajectories. In thd rig
panel of Fig[R, the isotopic mass fractiodg relative to the
solar onesX,, (Ladders 2003, i.e. the production factors) are
shown for the 98 available-driven wind trajectories and for
the 7 representative ones as function®ofThe dotted hor-
izontal lines represent a “normalization band.” The ise®p
which fall into this band are considered to be the main nu-
cleosynthetic products from the neutrino-driven wind ghas

(18)

8 We assume that the, and ve luminosities and energy spectra do not
change for > R,. This means that we do not only ignore small evolutionary
changes due to remaining neutrino interactions in the eatenedium but
we also disregard general relativistic redshift correxgjovhich depend on
and which are included in the hydrodynamic simulations.
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TABLE 1
NEUTRINOSPHERIC PARAMETERS AND ELECTRON FRACTIONS Yg AS FUNCTIONS OF POSTBOUNCE TIME {p.

to? R/ Ye£ o Yea!  AM;© Lye' Ly9 L,," (Eo)  (En) (B0 o o™ a,"
[s] [10° cm] [10°3My] [10%%ergs] [10Plergs] [10°lergs] [MeV] [MeV] [MeV]
0.5 25.0 0.0547 0.554 9.640 9.5 10.10 10.80 16.8 18.1 18.3 230 2.8
1.0 20.5 0.0522 0.546 0.770 7.3 8.30 7.90 15.9 17.4 17.3 3.09 226
2.0 17.5 0.0445 0.564 0.380 4.7 4.90 5.30 15.3 16.5 16.1 3.27 223
2.9 16.0 0.0323 0.566 0.110 3.3 3.40 3.70 15.8 16.3 15.7 3.13 225
45 15.2 0.0268 0.574 0.060 1.9 1.90 2.00 13.8 13.4 12.9 3.03 221
6.5 14.5 0.0233 0.555 0.020 1.0 0.99 1.04 12.4 11.9 11.8 263 224
7.5 14.5 0.0223 0.549 0.002 0.6 0.60 0.60 9.9 9.6 9.5 2.4 235 2.

@ postbounce time.

b Neutrinosphere radius.

€ Electron fraction aR,.

d Asymptotic electron fraction (at=3- 10" cm).

€ AM: ejecta mass of the 7 representative wind trajectories.

_f' _g' | uminosities ofve, ve andvy, respectively.

.1k Mean energies ofe, ve andvy, respectively.

Lm.n Spectral fitting parameters of, ve andvy, respectively (see Sect. 4).
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Fie. 2.—Left: Mass fractionsXa of the ejecta as a function of mass numBeromparing the cases for 7 representative trajectoriesarall the 98 trajectories.
Right: Comparison of the isotopic ejecta mass fractiofg) felative to the solar oneX¢). The horizontal upper dotted line passes through the nvespooduced
isotopes {1V, 53Cr, and®2Ni) in the 98 trajectory case, and the horizontal lower dbtiee lies a factor of ten below the level of the upper line.eTtashed
line represents the median value. Our 7 selected trajestogproduce the case with the 98 trajectories satisfBctwell only for certain values ofA (e.g.
58 < A<69).

of our fiducial ECSN model that could contribute to galac- on the normalization band, but the greatest productiommfact

tic chemical evolution. The upper dotted line passes thioug (for 5V, 53Cr, and®?Ni in the 98 trajectory case) are below 10.

the most overproduced elemerity4 53Cr, and®Ni), and the ~ For example, the production factor 8aNi is several times

lower dotted line lies a factor of ten below that. The middle smaller than the corresponding one in the eagy400 ms)

dashed line represents the median value. convective ejecta, which are absent in 1D but found in the
We find that the nucleosynthesis yields of the 7 trajectories 2D counterpart of the ECSN explosion model (Wanajo kt al.

because of the coarse time resolution of the wind history, re 2011b] 2013a). It appears, therefore, that the nucleostiath

produce those obtained from all the 98 trajectories only ver contribution of they-driven wind to the Galactic chemical

approximately. Nevertheless, this will be qualitativelyis evolution is unimportant. It should be noted, however, that

cient to discuss thefkects of neutrino oscillations on the nu- the dfects of nucleon potential corrections might alter Yae

cleosynthesis conditions. The right panel of Fig. 2 shotileli  history and thus the wind contribution could be more impor-

production of isotopes withA > 65 in the 98 trajectory case as tant for nucleosynthesis than found here.

well as in the 7 trajectory case. This is a consequence of only

a weakvp-proces§in this supernova environment because of 4. REFERENCE NEUTRINO SIGNAL AND FLAVOR EVOLUTION

the absence of a dense outer stellar envelope in ECSNe, which EQUATIONS

is crucial for an @icient vp-process|(Wanajo etdl. 2011a). At radi ide of th . h h ilated

Many of the iron-group and light trans-iron isotopes st#l | L radjusr outside of the neutrinosphere, the unosciliate

spectral number fluxes for each flawofy = ve, ve, vx, vx With

X = u or 7) can be approximated by:

9 In Table 1, we show the asymptotic values (indicated by sifist”)
of the electron fractiorYe, for our 7 representative trajectories. Notice that L. f (E)
sinceYea > 0.5 for all the considered cases, tygprocess may be enabled. FV(E) ~ v

" 472 (E))

(19)
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where L, is the luminosity for the flavow and (E,) the our conclusions. We choose to scan only the inverted hierar-
mean spectral enefy The neutrino spectrunf,(E) is chy scenario in the active sector (i.ém2,, < 0), since this is
well reproduced by a combined power-law and exponential the case where the largest impact due to collective flavalr osc

fit (Keil et all[2003{ Tamborra et al. 2012a): lations on nucleosynthesis is expecfed (Hannestad et@d; 20
a . 2008; Dasgupta etlal. 2010). The assatiate
f,(E) = é‘v( E ) g (@ +1EKE) (20) “high” (H) and “sterile” (S) vacuum oscillation frequensie
(E)) ' are then:
where the parameter, is defined by(E2)/(E,)> = (2 + oM, _omg
@)/(1 + @) and &, is a normalization factor such that WH="5F and ws = 2E ° (22)
f f,(E)dE = 1. with E being the neutrino energy. For the mixing angles we

In order to incorporate neutrino oscillations in our nucle- : . ; .
; : ; use (Capozzi et dl. 201.3; Mention etlal. 2011):
osynthesis computations, we consider the 7 selected post- )

bounce timest, as representative of the changing wind Sit 2614 = 107! and sif6;3=2x1072. (23)

conditions during the proto-neutron star cooling phase ) o . )
(note the partial overlap with data from the simulation by ~We treat neutrino oscillations in terms of matrices of neu-

Hudepohl et di. 2010 used for the analysis in Tamborralet al.trino densitiepe for each energy modg. The diagonal ele-
2012b). In Table 1 we list the neutrinosphere radRigas- ments of fche densﬂy matrices are related to the _neutrme_den
sumed to be equal for all flavors), the luminodity the mean  sities, while the @-diagonal ones encode phase information.
energy(E,), and the fit exponent, for each neutrino flavor ~ The radial flavor evolution of the neutrino flux is given by the
and for the seven representative wind trajectories. “Schrodinger equations,”

In what follows, we neglect oscillations driven by the small ; _ 0= g =
est mass dierence between the active flavofey,, and fo- i0pe = [He, pe] and id:pe = [He, pel (24)
cus on neutrino oscillations in the active sector drivenii®/ t  where an overbar refers to antineutrinos and sans-seefdet
Iarg_est mass tfierence betwegeme andvy, SMatm, and.by the denote X3 matrices in the, vy, vs flavor space. The initial
mixing angled13. The reduction to two féective active fla-  conditions for the density matrices ase = diagf,., n,,, 0)
vors is justified since oscillations driven by the solar paga andpe = diag(y,, ny,,0), i.e., we assume that sterile neu-
ters tend to take place at a larger radius than the ones driventrinos are generated by flavor oscillations. The Hamilto-
by émé,, and are, therefore, unlikely toffact SN nucle-  nian matrix consists of the vacuum, matter and neutrine self

osynthesis (see_Dasgupta & Dighe 2008; Fogli et al. 2009a;interaction terms:
[Dasgupta et al. 2010 for details). Concerning activelsteri

oscillations, we consider the mixing of only the electronne He = HE“+ HE + HE . (25)

trino flavor with a light sterile state for simplicity. Ovekave In the flavor basis, the vacuum term,

discuss a 2-flavor scenario (2 active flavotsandyy) as well

as a 3-flavor one (2 activel sterile flavorsye, vx andvs). HYee = U diag(—ﬁ, +ﬂ’ a)s) Ut (26)
If interpreted in terms of sterile neutrinog, the reactor 2 2

antineutrino anomaly requires a mas#&etience in the eV o 4 function of the mass-squaredidiences (see EG122)

range, and cosmological hot dark matter limits imply that (ith y being the unitary matrix transforming between the

the sterile state would have to be heavier than the active fla- ; ; ; o
< - "“mass and the interaction basis) and of the mixing angles. The
vors [Abazajian et al. 2012). We here adopt the following matter term in the flavor basis gpanned By . vs)?S: g

mass splittings (Capozzi et/al. 2013; Mention et al. 2011):
. N N
M= —2.35x 103 eV2 and 6né = 2.35e\?, (21) H™ = V2G diag(e - 2+, -, 0). (27)
with 6mg,, being the squared massfidrence between whereN, is the net electron number density aNglthe neu-
the neutrino_mass eigenstates and the remaining two  tron density. Using Eq. (1), the matter term becomes:
v12 (Fogli et al.[2006) andnmé the squared massftérence 3 11 1
between the neutrino mass eigenstafeand v1, chosen to m_ N e VI
be representative of reactor-inspired values. We assume no H™ = V2GeNs diag 2Ye 2’ 2Ye 2’0 G
mal hierarchy for the sterile mass-squarefiiedtence, namely ) ) )
smé > 0 (ie. the neutrino mass eigenstateis heav-  With Ny being the baryon density. Note that the mat-
ier than the other mass eigenstates associated to the acti4"_Ppotential can be positive or negative and far >
neutrino flavors) and inverted mass hierarchy for the atmo-1/3 (Ye < _1/3) a vevs (vevs) MSW resonance can
spheric diference,smg,, < 0 (meaning that the neutrino 0ccur (Mikheyev & Smirnavi_1985. _Nunokawa ef al._1997;
mass eigenstate is lighter thanv, Imgﬁlm). Note McLaughlinetal! 1999; Fetler 2000). Because of Eqgl (28)
that current global fits of short-baseline neutrino experits ~ Neutrinos feel a dierent matter potential a& changes and,
estimate B2 < 6m2 < 219 e\? at 3r of confidence &t the same timeY, is afected by neutrino oscillations via
level (Giunti et al.l 2013), which is lower than our adopted Eq. (). . _ . :
reference value[ (Mention etlal. 2011). Our conservative _1heH" term describes-v interactions and vanishes for
choice favors a comparison with previous results discussec®! e:_?VQ‘entjvlfVOhlfllgg Stgrl(l_e neﬁrlnd%@gmlr@)y
in Tamborra et a1/ (2012b) besides not qualitatively chaggi '-€: Hes = Hxs = Hg = 0O (I.€., the only ”%
) d y chagg diagonal element of the® matrix isHg;, se _ l.
101n Eq. [T9), general relativistic redshift corrections,igthdepend om, 2012 for further details). In the treatment ¥ interac-
as well as a “flux factor” accounting for nonradial neutrinonrenta close o tions, for the sake of simplicity, we assume the so-called
the neutrinosphere, are ignored. single-angle approximation, i.e. all neutrinos feel thmsa
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average neutrino-neutrino refractivéfeet (Duan et &(. 2006;
.[2007} Duan et El. 2010). It will become clear in
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the inner resonance occurs, also collective oscillatioasat
expected to play any role. The robustness of our approxima-

the following, that such an assumption does not compromisetion is supported by numerical tests, where within a simpli-

our conclusions.

In what follows, we explore the impact of active-active
and active-sterile neutrino conversions on the nucledsynt
sis conditions and nucleosynthetic yields for the 7 represe
tative trajectories corresponding to postbounce titgedVe
distinguish two scenarios:

1. “Active” case: Neutrino oscillations in the active seacto
(2 active states).
2. “Sterile” case: Neutrino oscillations in the active and

sterile sectors (2 active statedl sterile state).

5. INFLUENCE OF NEUTRINO OSCILLATIONS ANDe-EFFECT ON
THE ELECTRON FRACTION

In this section, we discuss the evolution 4f as a func-
tion of radius for our selected postbounce timés
05,1,2,2.9,4.5,6.5, and 75 s), for the scenarios 1 and 2 in-
troduced in Seck]4, and with the twq cases (i) and (ii) (see
Sect[B). As discussedlin Tamborra €tlal. (2012b), convessio
of active neutrinos to sterile states as well as collectise o
cillations between the active flavors influence the asyniptot
value ofYe in the neutrino-driven wind in time-dependent and
complicated ways.

While neutrinos propagate out from the SN core, the MSW
resonance conditions between active flavors and light ster
ile neutrinos are verified in two flerent spatial regions and
might afect the ejectaYe and the nucleosynthesis outcome

fied numerical setup (i.e. without neutrino self-interans),

we have tested the negligible impact of the inner resonance
onYe for the earlier postbounce times of the studied neutrino
cooling phase of our ECSN.

The outerve-vs MSW conversion depletes the flux, fa-
voring a neutron-rich site. Therefore, in general, the main
effect of oscillations expected in the presence of sterile neu-
trinos is a reduction oY, relative to the case without oscilla-
tions. This éect is particularly evident in the early explosion
phase where the outes-vs MSW resonance driven bm?Z
is dominated by the Hamiltonian of ordinary matter and leads
to a completere-vs swap with little or no trace of-v collec-
tive oscillations (cf. for examplg = 0.5 s in[Tamborra et al.
2012b and Wu et al. 20114 for details). Still, th&eet on the
ejectaY. was moderate because the MSW conversion took
place at large radii wher¥, had nearly reached its termi-
nal value. At later times (sefg = 6.5 s in [Tamborra et al.
[2012b), thev-v refraction strongly reduces the mattefeet,
largely compensating the overallvs MSW conversion. The
resultant &ect ofv-v interactions is that they repopulate the
flux (because ofy-ve conversions) and partially counterbal-
ance the ffect ofve-vs MSW resonances on the electron abun-
dance[(Tamborra et dl. 2012b). Note that, for simplicity, in
our computations we consider thiexts of energy-dependent
features of the oscillated neutrino spectra Yanevolution

<(Tamborra et al. 2012b) in an integral sense by adopting neu-

trino spectral quantities averaged over energy in EGE)(7, 8
The evolution of the electron fraction is not just influenced

(see extended discussion in Nunokawa &t al. 1997). Close tdoy theve andve properties, which arefiected by the neutrino

the neutrinosphere, due to the steep growtipfand there-
fore of the matter potential (EQ.28), active-sterile MS\WWae
nances are verified for both neutrinos and antineutrindsmvit

a very small spatial region. At larger radii (which move @os
to the neutrinosphere as the postbounce time increases),

oscillations, but also by the presence of thearticles, see
Egs. [@), [Ib) and(16). Therefore, the whilg evolution

is a complicated interplay between neutrino oscillationd a
the a-effect associated with the formation efparticles, and

the outcome depends on the relative location of the regions

second outer MSW resonance occurs and is mainly relevanbf active-sterile conversion andparticle formation. For this

for neutrinos, although it might everitact antineutrinos be-
cause of the feedbacktects onY, due to oscillations (see

Tamborra et al. 2012b for more details).

reason, we choose to analyze thevolution in detail for two
representative postbounce timgss 2.9 s andg = 6.5 s.
In order to clarify the expectedffects onY,, we show

The outer MSW resonance is generally adiabatic: It occursin Fig.[3 (left panel) the luminosities and mean energles for

where the matter potential is shallow and tffieetive mixing
angle is larger. Therefong, are abundantly converted in,

ve andve as functions of radius for the “active” and “ster-
ile” cases fortg = 2.9 s. In the active case, neutrino os-

lowering the windY, (see Eq$.14.]%5] 6) because of the feedback cillations do not visibly modify the mean energies and the
effect as we will discuss later. On the other hand, the innerluminosities in the radial regime wheig is still evolving

MSW resonance is mostly non-adiabatic: It occurs where the(i.e.

matter potential is very steep and thigeetive mixing angle
small. As a consequence, conversionsoandv, to sterile
states are mostly inhibited except for the very low-eneagg t
of the energy spectra, practically having a negligible xie

r < 2x 10" cm). This is due to the fact that for
our initial conditions for neutrinos and antineutrinose (j.
L,.7./¢(E..;n)> — L., /(E,,) < 0), multiple spectral splits should
be expected for an inverted hierarchy_(Fogli eétal. 2009b).
However, since thee andve luminosities and mean energies

Ye during the cooling phase (Nunokawa et al. 1997, Wu et al. are very similar to those of heavy-lepton neutrinos, as show
[2014). As pointed out in Wu et al. (2014), the inner resonancein Table 1, and because of the total lepton-number conserva-
may instead be responsible for non-negligibfieets during  tion, no appreciable variations occur in the oscillateditum
the accretion phase where a wider energy range @) may nosities and mean energies ( 009b for an ex-
be converted to sterile states, because the growifa ofose tended discussion on the topic). As a consequence, we do not
to the neutrinosphere is less steep. expect any appreciabldfect onYe. In contrast, in the ster-

In what follows, due to the numerical complexity of the ile case an importantfiect of neutrino oscillations happens
feedback &ect in the presence of neutrino self-interactions atr ~ 0.5 x 10’ cm (Fig. 3, left panel), wheres are copi-
within our (2+1) neutrino-family scenario, we will neglect ously produced through an MSW resonance at the expense of
the inner resonance in the numerical computations where noonly v (for more details, see also the resultstipe 2.9 s in
otherwise specified, whereas we include the outer one as we [.2012b).
as collective oscillations (since both of them are expetiied This means that the. number flux (defined by, /(E,.))
have a larger impact o). Note that in the region where inthe “sterile” case is much lower than in the “active” one fo
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Fic. 3.— Left: Electron neutrino and antineutrino luminositiés(andLy,) in units of 13" erg/s (upper panel) and mean energiEs, (and Ey, ; lower panel)
as functions of the distance)(rom the center of the PNS &f = 2.9 s postbounce. (The solid red lines are computed as runmargges over ~ 1.98- 10°
cm.) In the “active” case the luminosities and mean enerfgieboth ve andve are constant outside of the neutrinosphpewhich implies that the “active”
case does not show any significant variations from the cats®utiv oscillations for the studied ECSN progenitor. In the “d&8rcase ave-vs MSW resonance
occurs ar ~ 0.50x 107 cm. Right: Electron fractionY ande mass fractiorX,, as functions of distancefrom the center of the PNS & = 2.9 s. In the active
scenario (see case 1, S&dt. 4) neutrino oscillations rilgligffect Ye (same as the no oscillations case; not shown here). In thile steenario (case 2, Sett. 4),
neutrino oscillations féect Ye whena particles start forming. The solid lines (“inch-effect” cases) refer t&, obtained when full network calculations were
performed (the corresponding, is also shown with the solid blue line), while the dashvadines refer to calculations corresponding to case (i) iot$& (the
correspondingk, is also shown by a dashed blue line).
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Fic. 4.— Left: Electron neutrino and antineutrino luminositiés(andL;,; upper panel) in units of £ erg/s forty = 6.5 s as functions of the distance)
from the center of the PNS for “active” and “sterile” caseswler panel: Similar to the upper panel, but for the mean éei¢E,,) and(Ey,)). (The red lines
display running averages ovAr =~ 1.1-10° cm.) In the sterile case a-vs MSW resonance occurs at= 0.3 x 107 cm, triggering collective oscillations at
larger radii. Right: Electron fractionYe anda mass fractionX, as functions of distancefrom the center of the PNS & = 6.5 s. In the “active” scenario (see
case 1, Sedf]4) neutrino oscillations negligibfieat Yo (same as the no oscillations case; not shown), while in tteils’ scenario (case 2, Seld. 4), neutrino
oscillations #ectYe very close to the neutrinospheRe. The solid lines refer t&e obtained when full network calculations were used (theespondingX,, is
also shown), while the dashéd lines refer to the case of incomplete nucleon recombindtienparticles (see case (i) in Sect. 3).

r > 0.50x 10’ cm, while theve flux remains unchanged.

To demonstrate theflect of the modified neutrino proper-
ties onYe via Eq. [4), we plolY, as a function of the radius for
to = 2.9 sin Fig[3 (right panel). Since in the “active” case, os-
cillations do not appreciablyfiect the neutrino luminosities
and mean energies up to the radius of interestygleolution
does not dier from the case without neutrino oscillations.

Atr > 0.50x 10’ cm the results of simulations with and
without a-particle formation from free nucleons can be dis-
criminated because of theeffect, associated with the pres-
ence of large abundancesmwparticles, which has severe con-
sequences for th¥, evolution. The abundances of par-
ticles for our two cases (i) and (ii) are displayed by solid
a-effect”) and dashed blue lines, respectively, and acceleration away from the neutrinosphere. Yheeduction

(“incl.

red lines. First let us consider the case in which the
particle abundance is frozen at a low level, case (ii), fello
ing/Tamborra et al! (2012b) (i.e., dashed lines in Fig.3trig
panel): The MSW conversion of to sterile neutrinoss (vis-

ible by the steep drop df,, atr ~ 0.5x 10’ cm in Fig. 3 and
reflected by the kink of th&, curves at this radius) causes a
reduction ofYg in the sterile case (red dashed line) compared
to the active case (black dashed line). This decrease can be
easily understood by the suppressionro@bsorptions on free
neutrons (see El 4). However, despite the dramatic drop of
L,. the dfect onY, is relatively modest (indticient to driveYe

to the neutron-rich side) because neutrino reactions with n
cleons are diminished by the wind expanding in its outward

the correspondiny, histories by solid and dashed black and (reachingYe ~ 0.54 forr — o), is even less strong than
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found byl Tamborra et all (20112b), who obtainéd ~ 0.46 When thece-effect is included, the value of. is, as ex-
fortyg = 2.9 s, because weak magnetism and recoil correctionspected, pushed towards 0.5 in both active (black solid line)
in Egs. D’i and=i were neglected in that previous work. Ac- and sterile cases (red solid line). We notice thatget 6.5 s,
cording ta Horowitz & Li (1999) the weak magnetism and re- different fromtp = 2.9 s, the neutrino flavor conversions take
coil corrections lead to a slight increase of the chargedeti placebefore the o particles start forming and therefore they
absorption cross section @f on neutrons and a larger reduc- make the environment less proton-rith (s lowered) before
tion of ve absorption on protons (cf. Edd.[4, 8) and therefore thea-effect takes place and decrea¥ggven further towards
damp the tendency towards lowés. In contrast, the results more symmetric conditions§ = 0.5).

with a-effect (case (i); solid red and black lines in Fig. 3, right  Figure[® presents an overview of the interplay between neu-
panel) show a counterintuitive behavior. The cases witle@ct trino oscillations and the-effect by showing the evolution of
flavor oscillations (black solid line) and sterile flavor i'sc  the electron fractiorY, for all considered postbounce times
lations (red solid line) approach nearly the same asymptoti to. Figure[® (left panel) show¥ as functions of the distance
value of Ye. While for active flavor oscillations the-effect r from the center of the PNS atftirent postbounce times
drives Y closer to 0.5 in the usual way (compare the black to for both the “active” and “sterile” cases including the
dashed and solid lines in Fig. 3, right panel), the sterile-ne effect. For the early postbounce timds € 0.5,1,2 s), Ye
trino case exhibits the opposite behavior: In the presehae o in the “sterile” case is about the same as in the “active” case
higher abundance of-patrticles, i.e. despite the-effect, Ye making the role of sterile neutrinos almost negligible. thar
remains higher and the evolution towards~ 0.5 is clearly intermediate and late postbounce timgs<( 2.9,4.5,6.5,7.5
damped (red solid line in comparison to red dashed line). Thes), Ye is always lower in the “sterile” case compared to the
formation of a larger abundance @fparticles thus obviously  “active” case.

reduces the influence of the active-sterile conversionss Th  In Fig.[d (right panel) the asymptoti values (namelyye
astonishing result is a consequence of the fact that theeconv atr ~ 3- 10’ cm) are plotted as functions of the postbounce
sion to sterile neutrinos occurs slightly outside (or ocapsl time for each of the considered scenarios (“active”, “&éri
with) the region where the rapid recombination of neutrons and no oscillations cases). Note that the values for thé/&lct
and protons ta-particles takes place. In such a situation the case cannot be distinguished from those for the case with-

influence of theve-vg conversions on th&, evolution is di- out oscillations, essentially suggesting negligible saéthe
minished by the lower number fractions of free neutrons and active-active oscillations on the evolution ¥§ for the dis-
protons, which lead to a lower rate of changeYgfaccord- cussed SN model. Comparing the dashed lines for the “ac-

ing to Eq. [4). Instead of undergoing reactions withor tive” and “sterile” cases confirms that in the “sterile” case

ve, the majority of free nucleons is absorbeddirparticles is systematically lower than in the “active” case because of
as the wind expands away from thgvs conversion radius.  theve-vs conversions. However, since the whole picture is the
The proximity of the asymptoti¥, values for the active and  result of a complex interplay between non-linear collextiv
sterile cases including-effect is somewhat incidental (i.e. a flavor oscillations and MSW resonances for the sterile state
consequence of especially “fine-tuned” conditions) as @n b (see Tamborra et al. 2012b), th&e&ency of sterile neutrinos
seen by a second exemplary case discussed in the following.in lowering Y, is strongly time dependent.

The influence of-particle formation manifests itselffdiér- Comparing the black dashed curve with the solid one (the
ently in the late wind evolution, wheng conversion to sterile  latter including thew-effect), Y is systematically pushed to-
neutrinos takes place closer to the neutrinosphere and-ther wards 0.5 by the-effect in the “active” case. In the “sterile”
fore below the radius at which nucleon recombination beginscase, neutrino oscillations combined with thesffect lead
to raise ther abundance. to Ye being almost the same as in the “active” case at early

In order to explain the interplay between neutrino oscil- and intermediate postbounce times (compare the red sodd li
lations anda-effect in theY, evolution for the late phases with the black solid line).
of the proto-neutron star cooling, we show in Hig. 4 lumi- At late times and including the-effect, Y in the “sterile”
nosities and mean energies far and ve at the postbounce case becomes lower thafa in the “active” case and lower
time tp = 6.5s (in analogy to Fig. 3). Analog to the case thanY, in the case without fullr recombination because the
of tp = 2.9 s, due to the similar neutrino fluxes and spectra, MSW ve-v¢ conversion happens so close to the neutrinosphere
neutrino oscillations do not change the values of the lugiino  that thea particle formation at larger radii further enhances
ties and mean energies in the active case. In the sterile casthe Ye-reduction associated with the presence of sterile neu-
instead, the neutrino oscillations occur very close to t@-n  trinos.
trinosphere. In this case, an MSW resonance occurs already We remark that in the paper 6f Wu ei &l. (2014) active-
at aboutr ~ 0.25x 10’ cm for v andv (sed_ Tamborraetal. sterile MSW oscillations in the very early neutrino-driven
for more details). The MSW resonance reducesdhe ejecta (which are not object of the study of this work) lower
number flux (i.e.L, /(E,,)) significantly compared to thee~ Y. considerably, in contrast to our findings at the earlier
number flux. This means that the neutrino oscillations favor postbounce times,, and even more strongly than we ob-
more neutron-rich environment (i.e., a low&) comparedto  serve at late postbounce times. The reasons for these dif-
the active case (see reaction12,3), and[Eg. (4)). ferences are twofold. On the one hand, particles in

Figure[d (right panel) shows the evolution of the electron the early, very hot ejecta form only at large radii, making
fraction Y, for to = 6.5 s, for the active and sterile cases, in the a-effect unimportant for they, setting. On the other
analogy to FigB (right panel). The dashed lines are ag&in ca hand, the assumed multi-angle mattéeet suppresses self-
culated without ther-effect. Y, in the sterile case (red dashed induced neutrino-flavor conversions in the dense material
line) is lower than in the active case (black dashed line) al- of the early ejectal (Sarikas ef al. 2012;fR# et al.[20183;
ready very close to the neutrinosphere where the matteliis st [Chakraborty et al. 2011). Therefore, in the phase considere
disintegrated in free nucleons in NSE and thusuparticles  byWu et al. (2014)ye-vs MSW transitions are the main ef-
are present. fect, leading to a reduced ejecta. This means that neither
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7 trajectories. Since in our model active flavor oscillasialo not change the neutrino properties and the windt any significant level up to the radius of
interest, the nucleosynthesis results are essentialhticde for all the cases with active oscillations and no riaatoscillations.

the a-effect nor thev-v interactions play the crucial roles that
we attribute to them in the interpretation of thg evolution
for the laterv-driven wind.

The a-effect plays an important role in lowering in par-
ticular at late timest{ = 4.5, 6.5 and 75 s). This is a conse-

i I i 45 45
quence of the higher wind entropy and the longer expan3|on(xstgrc"e/XnosfzJSC

timescale as a result of the more compact PNS with lower neu
trino luminosities, resulting in a delay of therecombination
relative to theve-vs conversion and in a longer duration of the
a-effect (see also next section for more details). However,
although thea-effect has a strong impact oy and there-
fore on the element production, it plays a sub-leading rale f
the neutrino oscillations since it does not drastically ifyod
the matter potential felt by neutrinos; therefore, no detgle
modifications are expected for the neutrino fluxes at thenEart
Because of the crucial role of theeffect onYe in the con-
text of flavor oscillations, especially at early and lategsn
where Y, for “active” and “sterile” cases including-effect
is fairly similar (see Fig[l5, right panel), we expect thag th
nucleosynthesis yields in the presence of neutrino oficiia
are not significantly dierent from the cases where oscilla-

tions are not considered (see Séctl 3.1). This can be seen in

ile” cases relative to those without neutrino oscillatioris
Fig.[d (left panel) we notice that most of the isotopic mass
fraction ratios in the “sterile” case relative to the “no itlse
tion” case are between roughly 0.5 and 2. The most abun-
dantly produced isotope in the relative comparisort®8c

~ 7). This overproduction of thé>Sc iso-

tope In the “sterile” case compared to the case without-oscil

lations, however, is too small to have any significant imjpact
the production factor of this isotope (see Fig. 2, right pane
From Fig[®, it is also clear that in the “sterile” case, thisre
less production of heavy elements (e4y.> 80) than in the
case without oscillations.

From Figs[b and@l6, one can conclude that neither active
neutrino oscillations nor a fourth sterile neutrino famiign
alter the nucleosynthesis-relevant conditions fundaatint
nor can they create a neutron-rich sitg@ & 0.5) to activate
the r-process in the adopted ECSN model (without nucleon
potential corrections in the high-density neutrino ogasit
see Section 6).

6. NEUTRINO OSCILLATIONS IN A NEUTRON-RICH WIND

Fig.[d, where we show the nucleosynthesis yields obtained In the previous sections, we considered neutrino oscilla-

for the 7 representative trajectories in the “active” anr's

tion efects in the proton-rich environment obtained in the

models of Hiidepohl et all._(2010). As mentioned in Sect. 1,
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TABLE 2

TOY MODEL PARAMETERS EMULATING MEAN-FIELD NUCLEON POTENTIAL CORRECTIONS ON THE NEUTRINO OPACITIESa.
to° Ly, © Ly, ¢ Le/(Ee)® Lin/(Er)' (B)? (Ed"  Yea  Yog™0l yagtk ygtel
[s] [10°tergs] [10lergs] [10°%s1]  [10%s1]  [MeV] [MeV]
2.9 3.30 3.40 3.268 1.099 6.3 19.3 0.422 0.403 0.422 0.430
6.5 1.00 0.99 1.248 0.325 5.0 19.0 0.428 0.368 0.428 0.510
2.9 1.670 2.899 1.303 1.302 8.0 13.9 0.420 0.405 0.421 0.440
6.5 0.645 1.165 0.499 0.518 8.0 14.0 0.431 0.380 0.431 0.486

2 n the first two cases we keep the neutrinospheric neutriminlosities as given by the hydrodynamic simulations (Tablevhile in the last two cases
we keep the neutrinospheric neutrino number fluxes as giyeéhebhydrodynamic simulations, in both cases marked byfaciag.
b postbounce time.

cd Neutrinospheric luminosities of andve, respectively.

ef Neutrinospheric number fluxes of andve, respectively.
gh Neutrinospheric mean energiesy@fandve, respectively.
i Asymptotic wind electron fraction taking into account theffect.
i Asymptotic wind electron fraction without taking into acot thea-effect (X, = 0).
k Asymptotic wind electron fraction taking into account méud oscillations in the active sector anekffect.
' Asymptotic wind electron fraction taking into account mé oscillations in the active and sterile sectors as wed-affect.
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however, recent works suggest that this might be valid only trigger bipolar oscillations due tev interactions[(Fogli et al.
in the early {» < 1 s) and latetf, > 3 s) wind phases. [2008,[2009b) aR ~ 22 x 10’ cm forty = 2.9 s and
Including mean-field nucleon potential corrections for the R ~ 1.35x 10’ cm forty = 6.5 s. This modifies the lumi-
charged-current neutrino opacities in the dense medium ofnosities and the mean energies correspondingly, Whiland
the proto-neutron stat_(Reddy et al. 1998) can catisef Ye reach their asymptotic values at a smaller radius of about
the wind material to become neutron-rich (possibly down to ~ 10’ cm (see Figll7 and Fi@l 8). Therefore, for both post-

- ~ 0.42-0.45| Roberts 201 P2; Martinez-Pinedo ét al. 2012; bounce times, neutrino oscillations in the active sectart st
[Roberts et dl. 2012) during an intermediate evolution ggrio only whenY, has already reached its asymptotic value and
although the result is sensitively dependent on the employe thus flavor oscillations have no influence ¥ However,
nuclear equation of state. To explore the role of neutrind-os  for the reasons explained above, neutrino oscillationién t
lations in such a neutron-rich environment, we construgt fo “active” case have a non-negligible impact on the neutrino
toy models to emulate the mean-field corrections of the neu-properties in our toy models. This isftéirent from the previ-
trino opacities in their #ect on loweringE,,) and increasing  ously considered “active” cases where the un-oscillated ne
(E;,). trino fluxes were very similar and no significant variations i

In order to mimic the nucleon potential corrections, we se- the integrated neutrino properties due to collective ta@ins

lect the intermediaté = 2.9 s and the latéy = 6.5 s post- were visible (see Fid3 and Fig. 4 for comparison).
bounce times (see Table 1). We artificially prescribeithe An interesting complication appears for sterile neutrige o
andve spectra by choosing the shape fadtbmorresponding  cillations in both toy models, becau¥gis lower than in the
to a,, = a5, = 4. While leaving all the other neutrinospheric standard cases and the energy spectig ahdv. have very
parameters, in particular the neutrino luminosities, amgfed different mean energies and are significantlffedent from
asin Table 1, we set the values for the mean energies such thahose of the heavy-lepton flavors. Therefore, an interplay
a neutron-rich environment results in the&riven wind with- betweena-effect, neutrino self-interactions and infarter
out oscillations (see first two cases in Table 2). We chooseMSW resonances may occur due to the overlap of the spa-
(E,.) and(Es,) to obtain an asymptotic (indicated by the sub- tial regions where thesdtects take place. For investigating
script “a”) electron fractiofid including thea-effect (Yes), or the consequences, we include the inner MSW resonance in

neglecting it ¥X4=°), lower than 0.5, as given in Table 2 (first Our numerical computations.

two cases). We adopt the “artificial spectra” constructed in AS Shown in Fig. 7 foto = 2.9 s (right panel), the inner reso-
this way as initial conditions for the neutrino evolutiom | Nance, close to the neutrinosphere, converts hoémdye to

: - = terile states. Due to the feedbadkeet of oscillations orY,
Fig.[@ and in Fi left panels), we shof*= as a func- > e
tiogn Io]f the radiug%Iéck dgshed)lines). degalso displaya- and due to the lower value ot compared to the correspond-
dial profiles, including the-effect in the “active” (solid black "9 standard case, the outer MSW resonance is more adiabatic
lines) and “éterile" (solid red lines) cases and occurs at smaller radii & 3-10° cm) than in the standard

s S, S e SO el o 1 leeon Clomand prty repopulan (v 1, can b scen b
t = 6.5 s, respectively. Since “active” oscillations happen the increase ok, /(E,,) (the same happens to antineutrinos,
forr > 1 2'>< 10’ cm in l:;oth cases (i.e., aftd has reached although less significantly). Due to the hierarchy of thévact
i ) totic val the fli Yéct" V=0 = 0,02 f neutrino fluxes and due to the lower matter potential, cellec
![s_aszygnp (Z'% \6% ufe),t f GEE:enc_e & _t &t?w _eff ot or tive oscillations strongly mix. andve with the heavy lepton
e S,(A_\I o t?]r o S)(;Sl ue to f”' tec (ﬁe? flavors. Correspondingl¥, (left panel, Fig. 7) first decreases
da e ).d ) sg otr c etf]e oy mcz E]fs* In ar;a ogy. °|W al WE compared to the cases without sterile neutrinos close to the
Itslc?s?'e in Sect. 5, the impact of ireffect onYe is larger o yrinosphere and then it rises again thanks to the imerpl
atlateimes. =~ _— . . of the outer resonance and collective oscillations, which i
In the “sterile” case, oscillations rise the asymptotiareal . o ca /{E,.yand also, butles&, /(E;,). Atr ~ 4-10° cm
of the electron fraction t&/5% ~ 0.43 (atty = )i_?os) and to the Y, greovvthe is then mbstly driven bye the-effect (see f(;r
Ye5 ~ 051 (atty = 6.5 s). ThereforeYgs — Yea (29 s) = comparison the black solid and dashed curves of the leftpane

0.03 anqygtae_yéé=0(6,5 s)=~ 0.14. This means that the matter in Fig. 7). Notice that this toy model iers from the standard
becomesnore proton rich compared to the case where oscil- to = 2.9 s case discussed in Sect. 5, making it a pretty pecu-
lations are not considered or where they occur in the activeliar case of study for three reasons: Fit~ 1/3 in a wider

sector only, sincerste — yggt ~ 0.01 forty = 2.9 s and~ 0.08 spatial region closer to the neutrinosphere, resembliagyth
forty = 6.5 s (see Table 2). behavior during the accretion phase and therefore makang th

The reason fONggtste > YX:=° pecomes clear from Fig] 7 Innerresonance non-negligible (similar to what was diseds

and Fig[B (right panels), where we show the luminosities and Wi et al 2014). Secondly, the outer resonance is more adi-
mean energies ofe andve for the active and sterile cases abatic because of the feedbadkeet and it almost overlaps

as functions of the radius in order to better understand theSPatially with the inner resonance. Thirdly, collectiveida-
influence of neutrino oscillations ovk via Eq. [3). In the  tonsplayalargerrole, given the hierarchy of the activedh
“active” case, the dierent initial conditions (i.el.,. /(E,.) — (compare the red and black lines in Fig. 7). ,

L, /(E,) > O for neutrinos, and the largerftirences be- We point out that in the sterile cas& does not increase

tween theve (ve) andvy spectra and their spectral crossings) ?ssegnli(i:g; %S r?;ﬁteggende{)rogqef:gig:(r:%ﬁz(zt&mmg?r ﬂui(

11 We assume the shape factors of a moderately degenerate-Beani lap with the region where particles start forming, which re--
distribution, for which(E2)/(E,)? ~ 1.2 (Horowitz & Li1999). move free nucleons and thus moderate the impact of neutrino
12 Note thatRoberts etal (2012) employed the approximatirentila oscillations onYe, as discussed in detail in Sect. 5. In partic-

Ye = 1/(1 + A7 /4y,) of [Qian & Fuller (1995) for estimating the electron  ular, for intermediate evolution phases of thdriven wind,

fraction in the wind. This formula does not account for theffect onYe.
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despite the presence of sterile neutrinos, the environnreent main valid also for moderate variations of the sterile mass-
mains still neutron-rich, although evésss neutron-rich than mixing parameters.
in the cases without sterile neutrinos. As found in.Tamborra et all (20112b), neutrino conversions
At tp = 6.5 s, the MSW inner resonance plays an almost to a sterile flavor and collective transformations of acflae
negligible role in the “sterile” case (see Fig. 8), similaithe vors influence the radial variation and time-dependent @sym
situation in the standard cases. The presence of such a regetic value ofY, in the neutrino-driven wind in complicated
onance is visible by a small decreaselgf/(E,,) (and even ways. (MSW oscillations in the active sector occur at togdar
smaller for theg) atr =~ 2-10° cm. Slightly farther outside, at radlii to be pf any. relt_avance in this_ context.) .The feedback of
r ~ 2.5-10° cm, the outer MSW resonance occurs (similarly active-sterile oscillations on neutrino-refractiieets causes
to the standard case). Sterile neutrinos and antineutdreos ~ intriguing nonlinear modifications of the naive oscillatipic-
both abundantly produced through flavor conversions due toture, and the active-active oscillations can play an imgurt
an interplay between the outer MSW resonance and collectivedditional role in determining the neutron-to-protonaatf

oscillations, before particles start forming at=~ 3- 10° cm. the SN ejecta. These conclusions motivated us to investigat
As a con'sequence both ande fluxes decrease, causing in detail the &ect of oscillations on a larger variety of wind

an increase o¥, abov'e 0.5 before the onset of théeffect conditions and on the nucleosynthetic abundancesei@nt

which reduce¥. slightly again ar > 3-10° cm, producing ~ from [Tamborra et all (2012b) theeffect on the, evolution

an asymptotic value of, ~ 0.51. is fully accounted for, and recoil and weak magnetism cerrec
Since thevs luminosity in the “sterile” case varies more 1ions are included in thg processes as well. .

than theve luminosity, whereas the mean energyeexperi- Our results demonstrate that iesffect plays a crucial role

ences a relatively moderate change only (Fig. 8, right panel I discussing the consequences of neutrino oscillatiorte®n
Ve captures on free protons are more significantly reduced Ye €volution in neutrino-driven winds. It can damp as well
thanve captures on free neutrons (Egs. 2,3). This results in a@S enhance thé-reducing impact ofe-vs conversions, de-
more abundant proton production in the wind, ¥ebecomes ~ P€nding on the radial position of the active-sterile MSW re-
higher in the presence of sterile neutrinos. This is again adion relative to the radius where-particles form from nu-
consequence of the interplayef interactions, active-sterile /60N recombination. In the late proto-neutron star caplin
MSW resonances ang-effect. phase the production of sterile neutrinos via an MSW reso-
In our toy models, we assume the neutrinospherandve nance takes place very close to t_he neut_rlnosphere, while a
luminosities as given in Table 1. However, luminosities and Significant abundance af-particles in the wind appears only
mean energies botlffactY, at the same time through the rates &t larger distances. Th reduction in the ejecta associated
in Eq. [@). In order to prove the robustness of our results, we With the transformation ofe to vs is therefore amplified by
consider two more test cases, now keeping the neutrinaspher 1€ subsequent-effect, drivingYe from initial values con-
number fluxes (i.e. the,/(E,) ratios) fixed as given by the siderably above 0.5 to an asymptotic value closer to 0.5. In
hydrodynamic simulations fdp = 2.9 s andty = 6.5 s and the early wind pha_se theffect is diferent. Here the outer
o B e an e s e S conersons o e o o e reton
order to obtainyXz=% ~ 0.405 and B80 forty = 2.9 s andg = - ,
6.5 s, respectiv%ely (see the third and fourth cases in Table 2).Of a-pza\rgclers]. Ther-effect Fhen Toderate S thQBreductlonf hi
Also in these cases the observed trend is reproduced: Neutri caused by the presence of sterile neutrinos. Because of this

oscillations in the presence of a sterile state togethdr thi dominance of the:-effect, the asymptotic neutron-to-proton

: _ ratio in the early wind becomes very similar for the casef wit
a-effectrise the asymptotk‘? by about 004 and 9%1 forto = and without sterile neutrinos (whereas withatgffect sterile
2.9 s andy = 6.5 s, respectively, compared ¥g2~°.

, , Y & ! , neutrinos always cause a significant reductioQf
In conclusion, neutrino oscillations (with or without ster  \y/hile the neutrino-driven wind of our ECSN model is well
ile neutrinos) combined with the-effect do not supportvery  on the proton-rich sidé (Htidepohl ef al. 2D10), equatibn-o
neutron-rich conditions in the neutrino-driven wind foeth  gtate dependent nucleon mean-field potentials in the Reutri
considered SN model. Therefore, conditions for a strong I nospheric region might lead to a considerably lowerin
process in this SN progenitor are disfavored, becabsends  the wind outflow [(Roberts et Al 2012; Martinez-Pinedo kt al
to be pushed close to 0.5 and thus the formation of a highly20711). For this reason we constructed four toy model cases fo
neutron-rich environmentis prevented. the intermediate and late wind phases, in which the (unoscil
lated) neutrino spectra were chosen such that the neutrino-
7. CONCLUSIONS driven wind became neutron-rich with an asymptotic wid-
We presented neutrino oscillations and nucleosynthekis ca (including thea-effect) of about 0.42—0.43, which is on the
culations for the neutrino-cooling phase of the proto-raut  extreme side of the theoretical estimates. Including aetiv
star born in an 8.8/, electron-capture supernova, using tra- sterile flavor oscillations, the outflow turingore proton-rich,
jectories for thes-driven wind from 1D hydrodynamic simu-  despite the conversion of to vs. This counterintuitiveYe
lations, in which a sophisticated treatment of neutrinagra  increase is caused by neutrino oscillations, which modhéy t
port was applied_ (Hudepohl etlal. 2010). In particular, we neutrino emission properties such that eithenthabsorption
studied the consequences of neutrino oscillations of two ac is more strongly increased than the competiggbsorption
tive flavors driven by the atmospheric masffetience and  or thev, absorption is more strongly reduced than the com-
013 and, motivated by recent hints on the possible existencepetingve absorption. Our conclusion that sterile neutrinos are
of light sterile neutrinos, we also discussed the role of fla- unlikely to help enforcing neutron-rich conditions in thed/
vor oscillations with 1 sterile- 2 active flavors. In our study  ejecta therefore seems to remain valid even when nucleon-
neutrino-neutrino refractionfkects were included, too. We potential éfects are taken into account in future neutron-star
choseve-vs Mixing parameters as suggested by the reactorcooling simulations.
anomaly|(Mention et al. 2011). However, our conclusions re-  If oscillations are disregarded, the wind ejecta in our ECSN
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model develop a proton excess and therefore only iron-groupsimilarity between the, andve fluxes and those of the heavy-
and somep-rich isotopes are created with small production lepton neutrinos in our simulations with only active-flaesr
factors (below 10), not adding any significant production of cillations, and the observed strength of theffect in push-
interesting isotopes to the nucleosynthesis yields coatput ing Ye close to 0.5, even a possible relevance of multi-angle
for the early ejecta of 2D explosion models of such EC- effects [(Esteban-Pretel et al. 2007) is unlikely to have impor-
SNe (Wanajo et al. 201l1b, 2013a,b). When neutrino oscilla-tant consequences fof.. For the same reasons we do not
tions are taken into account by our simplified neutrino-mgxi  expect that fflects emerging from a full multi-angle treatment
scheme, the feedback of oscillationsYyis time-dependent, in the case of a normal mass-hierarchy in the active sector
since it is sensitive to the detailed matter profile and rieatr  (6m2,, > 0) will lead to conditions that allow for strong r-
fluxes. In the early-driven wind, the asymptoti¥, value processing.
in the presence of a sterile family is almost the same as the Our conclusions concern thedriven wind of an 8.8/
Ye value obtained without oscillations. In contrast, in thiela  progenitor. More studies of the impact of neutrino osdifias
v-driven wind the asymptoti¥, in the presence of sterile neu- on the early-time ejecta including multi-dimensionékeets
trinos is slightly lowered compared to the case withoutlesci arising in hydrodynamic simulations_(Wanajo etlal. 2011b,
lations or to the case where oscillations in the active s@r®  [20134) and including thefects of nucleon mean-field poten-
considered. However, in our model of the neutrino cooling of tials in the neutrino opacities, are needed in order to shéad |
the proto-neutron star born in an ECSN, the correspondingon the consequences of neutrino oscillations for the eigrios
effects do not lead to any neutron excess. The changes ofnechanism and nucleosynthetic abundances et al.
the nucleosynthetic output for models with (active or ##¢ri 2014, who considered only a 1D model). Studies of a broader
neutrino oscillations compared to the no oscillations @ase  range of progenitor models, in particular also iron-coreeSN
insignificant. It appears unlikely that in the studied pnoiter with more massive proto-neutron stars, applying statdref-
viable conditions for strong r-processing can be estaddtish art neutrino-oscillation physics, are also desirable emtdy

Like all other numerical studies of neutrino oscillations possible cases where favorable conditions for an r-process
with neutrino-neutrino refraction, we made simplifying-as may be produced.
sumptions to cope with the complex, nonlinear nature of the
problem. In our case, we averaged the angular dependence ACKNOWLEDGEMENTS
of v-v interactions[(Duan et Bl. 2006) because of the numer- _ 3 , ,
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