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A light sterile neutrino species has been introduced to explain simultaneously the solar and atmospheric
neutrino puzzles and the results of the LSND experiment, while providing for a hot component of dark matter.
Employing this scheme of neutrino masses and mixings, we show how matter-enhanced active-sterile
(v,,=vs) neutrino transformation followed by active-active,(,= v¢) neutrino transformation can solve
robustly the neutron deficit problem encountered by models-pfocess nucleosynthesis associated with
neutrino-heated supernova ejecta.

PACS numbgs): 14.60.Pq, 14.60.St, 26.30k, 97.60.Bw

I. INTRODUCTION problem for these models of threprocess.
In all models,R is determined by the net electron-to-
In this paper we show how the invocation of sterile neu-baryon numbefi.e., the electron fractionY.: the entropy-
trinos in a novel transformation scenario can enable the prgser-baryon in the eject& and the dynamic expansion time
duction of the heavy rapid-neutron-captumeprocess|1]) scale, pyn, associated with the material ejection process
elements in neutrino-heated ejecta from supernovas. Interegtt0]. Though general relativistic effectsll] and multi-
ingly, the current hints ofand constraints gnmneutrino os-  dimensional hydrodynamic outflojd2] have been invoked
cillation phenomena from considerations of sql2fand at-  to increaseS and decreasepyy (both of these changes fa-
mospheric neutrino$3] and from the Liquid Scintillation voring largerR) enough to solve the neutron deficit problem,
Neutrino DetectofLSND) experimen{4] are difficult to ex-  these solutions are at best finely tuned. On general grounds
plain with only two independent neutrino mass-squared difwe could argue that the only robust way to obtRir 100 in
ferencegcorresponding to three active neutrino speci®$  conventionaheutrino-heatedjecta is to decreasé, and/or
By contrast, the data are explained readily in terms of neumaintain its low value by invoking new neutrino physics,
trino oscillations with three independent mass-squared dife.g., introducing a sterile neutrino as discussed in this paper.
ferences, corresponding to four neutrino magéed. How-  (By “robust” we mean robust to astrophysical uncertainties
ever, the observed width of ti# [8] can accommodate only in the detailed characteristics of neutrino-heated outjlow.
three light, active neutrinos. Therefore, a fit to the data re\We cannot definitively proclaim at this point that new neu-
quires introducing at least one light “sterile” neutrino spe- trino physics is required to understand the production of
cies which does not have normal weak interactifdig., a heavyr-process elements. Such a proclamation calls for the
Majorana SW2) singlet neutring: accomplishment of the following. First, we would have to
The most promising site far-process nucleosynthesis is establish that at least some of th@rocess material origi-
the neutrino-heated material ejected relatively lorglQs)  nates in conventional neutrino-heated ejecta. Second, we
after the explosion of a type Il or type Ib/c supernd®d.  would have to understand the thermal and hydrodynamic
However, detailed calculations of the conditions which ob-evolution of the very late stage neutrino-driven “winds”
tain above the neutron star remnant in sugitocess models  from a proto-neutron star.
show that the neutron-to-seed rafiy,is too low to allow the The proposition that some of thigorocess material comes
production of the heaviest-process specie$l0]. (The from environments with intense neutrino fluxes is supported
“seed” nuclei which capture neutrons to make the heavierpy recent studies of neutrino effects during and immediately
species have nuclear mass numbers between 50 anyl 10fbllowing the r procesg13,14. Perhaps more to the point,
We requireR>100 to effect a good-process yield for heavy recent observational data on the abundancespobcess spe-
nuclear species, but the models with conventional neutringies in old, very metal-poor halo stars in the Galaxy seem to
physics and conventional equations of state for nuclear mabe quite consistent with what is expected from thgrocess
ter all give smaller values dR. This is the neutron deficit scenario associated with neutrino-heated ej¢tf. How-
ever, the second issue we would have to resolve is a vexing
one. Despite the extensive numerical insights into the early
*On leave from T-5, MS B283, Los Alamos National Laboratory, phase of supernova evolutigi6], consistent and accurate
Los Alamos, NM 87545, hydrodynamic scenarios for neutron stars to lose mass
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through neutrino heating at very late times remain to be esluminosities and energy spectra and the neutron star radius
tablished. On the positive side, Burrows7] has recently can be regarded as constant. Clearly, at some point above the
followed his supernova calculations long enough to see thaeutron star surface the exponential wind must go over to a
formation of a neutrino-driven wind at late times. In the re-linear expansion of the radius, i.e., a “coasting” outflow.
gion relevant for nucleosynthesis, the wind in his calcula-Nevertheless, the exponential wind regime should encom-
tions resembles in broad brush the outflow models studiegass the region above the neutron star where most of the
here. biggest obstacle to successfaprocess nucleosynthesis, the
This paper is organized as follows. In Sec. I, we describealpha effect(see below, is operativg13].
a simple model for neutrino-heated outflow and discuss the In neutrino-heated ejecta, neutrino interactions with mat-
associated alpha effect which causes the neutron deficit prober supply the requisite energy for ejection of nucleosynthe-
lem for r-process nucleosynthesis. In Sec. Ill, we discuss thais products. The total amount of heating through these in-
treatment of active-sterile plus active-active neutrino transteractions determineS and vy in the ejecta. Most of this
formation in supernovas and describe how such a transfoheating occurs close to the neutron star, &ahd mpyy are
mation can evade the alpha effect. The consequence of suskt atTy~20. However, the dominant interactions for neu-
a transformation for the evolution of the electron fracthon  trino heating,
in neutrino-heated outflow is studied in Sec. IV. Conclusions
are given in Sec. V.

ve+nN—p+e 3
II. NEUTRINO-HEATED OUTFLOW AND THE ALPHA and
EFFECT
In what follows we adopt a simple exponential wind ;e+ p—n+e’, (4)

model for the neutrino-driven outflow above the surface of

the hot proto-neutron star produced by a supernova explo- .
sion. In this model the enthalpy per baryon is roughly theh@ve prolonged effects on the neutron-to-proton rafitp(

gravitational binding energy of a baryon, leading to a rela-= 1/Ye—1) in the ejecta. First of all, in the region where
tion between radiusg (in units of 1%cm), entropy-per- T¢=10 and free nucleons are favored by nuclear statistical

baryonS,q, (in units of 100 times the Boltzmann constant equilibrium (NSE), the competition between the processes in
and temperatur@y (in units of 10 K): Egs. (3 and (4 leads to n/p=\,,/\,,
~(LL(E.)/(L, (E, )). Here\, , and\, , are the rates

e e . e. e e . e
for the reactions in Eq$4) and(3), respec'uvelyj_;e andLVe

r

& T9Si00| 1.AM o

are the?e and v, energy luminosities, respectively; and

. (E;) and(E, ) are the average energies characterizing the

whereM s is the mass of the proto-neutron star. Therefore,” e di e . Ab .

for a constant entropy per baryon characterizing the adiabaticCrésponding neutrino energy s_pectra. sent neutrino 0s-
llations (flavor and type mixings we expect <EVIL>

expansion of the outflow, the temperature parametrizes th@!
radius[11]. The entropy typically will be carried almost ex- ~(E, )~(E, )~(E; )>(E,)>(E, ) and, hencen/p>1
clusively by relativistic particles(photons and electron- (Y.<0.5, corresponding to neutron-rich ejectfd8]. We
positron pairs so thatS~ (272/45)g<T3/(pN,), wheregs is note that the numerical value of th€p ratio depends on
the statistical weight for relativistic particles arld, is  careful calculation of the rates, , and\, [19] and accu-

Avogadro's number. This leads to a simple relation betweeRate determination of; , L, , (E, ), and(E, ) [20]. How-

(matte) densityp and radius: ever, the alpha effect discussed below is insensitive to the

value of then/p ratio obtained af 3= 10.

Js The equilibrium of then/p ratio with thev, and?e fluxes
p~3.34x10%g cm3( 11/2) T3S described above is maintained until the ejecta pass the weak
freeze-out radiugat Tg~10), ryeo, beyond Which)\yen,

Nyp< 1/7pyy @and free nucleons are no longer favored by

NSE[18]. However, even beyondygg, ve Capture on neu-
trons can force down the/p ratio and, hence, the neutron-
where we have scalegl assuming its value afg=10. As  to-seed ratidR. This is the so-called “alpha effect{21,13:
we will be mostly interested in processes occurringTgt  as material flows to regions where the composition favored
=10, the dependence @y will be suppressed hereafter. by NSE shifts from free nucleons to a mixture of free nucle-
In the exponential wind the radius of an outflowing massons and alpha particles, protons will be incorporated into
element is related to timeby r=rqexgd (t—ty)/pyn]. Here  alpha particles, leaving a disproportionate fraction of neu-
Tpyn IS @n assumed constant material expansion time scal&rons exposed to the intense flux of. The process in Eq.
This implies an outflow velocity proportional to the radius, (3) then converts some of these neutrons into profarsch
v=r/Tpyn, SO that the neutrino-driven wind will remain are then immediately incorporated into alpha particlésus
roughly self-similar for time scales on which the neutrino progressively lowering the/p ratio and, ultimatelyR.

~3.8x10"gem 3

3
NS g 4 —
1.4|v|@)(1172 Swds” @
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The cumulative damage done to th&p ratio by v, cap-
ture on neutrons beyond the weak freeze-out radjys, can
be estimated crudely by integratingYe/dtw)\Ven(t)(l
—2Y,) to obtain

Ye(t)~0.5+[Y¢(0) —0.5]exp{ =\, 4(0) Tpyn

X[1—exp(— 2t/ Toyn) 1} (5

where initial values for the, capture rate on neutrons and
the electron fraction\ Ven(O) andY(0), respectively, can be

approximated as their values Bjro. Equilibrium of the

n/p ratio with the v, and v, neutrino fluxes at early times
requires that)\ven(O)rDYN~1. Furthermore, the product

)\Ven(O)TDYN should be roughly constant for all models with

conventional neutrino physics, since increasddcreased
neutrino luminosity will tend to increaselecrease\ ven @nd

decreasdincreasg mpyy proportionately [Neutrino heating
through the processes in E48) and (4), which setY,, is
the principal determinant ofpyy . ] Therefore, from Eq(5)
it can be seen that regardless of the freeze-out VE|i(8),
sufficient exposure to the, flux abover o will drive Y,
close to 0.5 (/p=1, i.e., N0 neutron excess

In summary, a great paradox exists feprocess nucleo-
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smi_r ~1072eV?

VN—T? vr

2
dMdoublets

Ve

sm2s < 105 eV?2 smi_g ~ 10710eV2

FIG. 1. The neutrino mass scheme discussed in this paper. A
doublet of(neay-maximally mixedr, andv,. neutrinos with mass-
squared differenceSm? ~10"2 eV? is split from a doublet of
lower-massv, and v by a mass-squared differenden?, e The
lower-mass doublet can be arrang&mver right with maximal(or
near maximal v,=vg vacuum mixing to give a “just so” solar
neutrino solution, which would requirémZ.~ 10 1° eV2. Alterna-
tively (lower left), the sterile neutrino could be heavier than ihe
with sm2=<10"° eV? to give a matter-enhancéMSW) solution to
the solar neutrino problem. We assume tf#@3,, e is much
larger than the mass-squared splittings within the doublets.

r-process nucleosynthesis. Thiprocess solution can be ob-
tained by having an active-sterile  ,= v¢) neutrino mass-
level crossing followed by an active-active ( .= v.) neu-

trino mass-level crossingHereafter,v; and v denote left-

synthesis in a neutrino-driven wind. In such a scenario thand right-handed Majorana sterile neutrinos, respectively.

neutrinos must supply enough enerdsrgely through the
processes in Eq$3) and(4)] to lift baryons out of the gravi-
tational potential well of the neutron star. The gravitational
binding energy per nucleon near the neutron star surface
~100MeV. Since the average., and v, energies are
~10 MeV, a nucleon must interact with neutrined.0 times
in order to acquire enough energy for ejection from the neu

The first mass-level crossing converts and v, which are
emitted with the highest average energy from the neutron
star, into harmless sterile neutrinos. Without this, significant
onversion ofv,, and v, into v, would drive the neutrino-
heated supernova ejecta to be proton fit8]. With the su-
pernovav,, andv, “sterilized” by the first mass-level cross-
ing, the second mass-level crossing now only acts to convert

tron star. In turn, this requires a sufficiently large value ofve emitted from the neutron star inte, and »,. Charged-
)\uen(O)TDYNa thus providing conditions for a pernicious al- current capture reactions on neutrons are energetically for-

pha effect which will cause a neutron deficit. Such a neutrorpidden for supernova,, andv.. The net result is that the,

deficit will preclude a successful process, especially the
synthesis of the heaviest nuclear species.
However, it is obvious that removal of theg, flux could

neatly solve the neutron deficit problem by unbalancing the

competition between the processes in E@. and (4) in
favor of neutron productioiithus loweringY,) and by dis-
abling the alpha effect in regions beyonggo (thus main-

taining a lowY,). Furthermore, as neutrino heating is essen-«
tially completed atT¢~ 20 (quite close to the neutron star '

surface, the beneficial effects of removing theg flux can be
obtained without affecting the general thermal and hydrody
namic characteristics of the neutrino-heated outflsee Sec.

).

Ill. EVASION OF THE ALPHA EFFECT
VIA ACTIVE-STERILE PLUS ACTIVE-
ACTIVE NEUTRINO TRANSFORMATION

flux is reduced or removed, and the alpha effect cannot op-
erate. Therefore, the neutron excess is preserved or possibly
enhanced in this scenario.
The sequence of neutrino mass-level crossings described
above can occur in a four-neutrino schefgwhich has two
nearly degenerate neutrino doublets separated by a mass-
squared difference chosen to be compatible with the LSND
=, signal. In this scheme the lower mass neutrino pair
would either give an active-sterile,—= v, mass-level cross-
ing in the Sun or provide a “just-so” vacuum mixing solu-
tion with 6m3~1071° eV? to the solar neutrino problem
[22]. For solving the solar neutrino problem via matter-
enhancedv.= v mixing, the mass-squared splitting for the
lower mass neutrino pair must l#n2.<10"°eV? [22]. The
mass-squared splitting for the higher mass neutrino pair is
chosen to explain the observed atmospherjév, data via
maximal v ,= v, vacuum mixing.

Figure 1 shows our adopted neutrino mass scheme. The

The existence of at least one light sterile neutrino couldM@ss-squared splittings shown are chosen to meet all experi-

provide a means to reduce thg flux at sufficiently large

mental constraints and to solve the neutron deficit problem

radius to leave the process of neutrino-heated ejection unhif" r-process nucleosynthesis associated with neutrino-

dered, yet sufficiently near or insidg,-o So as to disable the

heated supernova ejecta. We would requ'mgs> m,, for

alpha effect, and thereby fix the neutron deficit problem formatter-enhanced.= v, mixing in the sun, but a “just-so”
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solution to the solar neutrino problem could hamgs< m,, TABLE |. Weak potentials derived from neutrino forward scat-
as well.(Issues of compatibility with big bang nucleosynthe- tering on electron and nucledA) and neutrindB) backgrounds for
sis limits aside, note that some kinds of singlet “sterile neu_various channels of neutrino transformation. The corresponding an-
trinos” could ’possibly evade bounds on the “just-so” tineutrino transformation channels have opposite signéfandB.
Vo= v, vacuum mixing solution stemming from the Superk HereN, is Avogadro’s numberGe is the Fermi constanp is the
a‘FE tﬁe Chlorine Experiment23]) In our overall mass matter densityY_ is the electron fraction, and, , Yo, andY,_are

P : . the effective neutrino numbers for the corresponding species rela-
schemev,, and v, could share the role of providing a hot tive to baryons.
dark matter componeh24].

Of the possible four-neutrino mass patterns, this one ig el A B

most successful in evading constraints. It has been shown
that limits from accelerator and reactor experiments disfavov=7vs (32/2)GrpNa(Ye— 1/3) \/EGFpNA(ZYVeJr YV#+YV)
having one dominant neutrino mass, e.g.,a13or a 1+3 v,=vs  (V2/2)GgpNa(Yo—1) ﬁGFPNA(YV;rZYVﬁYVT)
arrangemenf25]. A two-doublet scheme withr,=vs mix- v —=v;  (2/2)GepNa(Ye—1) \/EGFPNA(YVeJr Y, +2Y,)

ing (the higher mass pairexplaining the atmospheric neu- v,=ve V2GepN,AY V2GepNA(Y, _”YV )
trino anomaly andve= v, mixing (the lower mass pajirex- ., V2GepNAY, V2GepNA(Y ‘v *:)
plaining the solar neutrino puzzle is in trouble with big bangvﬂ: v, 0 \/EGFPNA(YVM*YV‘)

nucleosynthesi$BBN) bounds[26].
With an appropriate choice of mixing angles and mass-
squared difference for the splitting of the doublets, the NeUwhereA = 6m?/(2E,), with E, the neutrino energy aném?

trino mass scheme in Fig. 1 will lead to an efficient matter-no appropriate vacuum neutrino mass-squared differefce,
enhanced,, .= v transition above the neutron star surfacejs the appropriate electron and nucleon background contribu-
(and the neutrino sphereyet below the region where an o andB and B, are the diagonal and off-diagonal con-
ordinary Mikheyev-Smirnov-Wolfenstein (MSW) [27]  gipytions, respectively, from the neutrino backgroufithe
matter-enhanced,, .= v, mass-level crossing would ocCur omsp - andB?; are complex conjugates of each other and
[28]. Furthermore, the mass-level crossing farwith ener-\4nish in the case of active-sterile neutrino transformation.

gies most relevant for determininge can still lie in the  Note that a mass-level crossing or resonance will occur if the
region near or below the weak freeze-out radiygo. following condition is satisfied:

A. General description of neutrino flavor and type evolution A cos 20=A+B. 8
in supernovas

As discussed in Sec. Il B, the overall problem of active- Table | gives appropriate expressions for the weak potentials
sterile plus active-active neutrino transformation in our caséd and B for all possible cases of 22 active-sterile and
can be treated as that of two separate mass-level crossinggtive-active neutrino mixings in terms of densipy (in
with each mass-level crossing involving effectively only two g cm %), Avogadro’s numbeN,, Y., and the effective neu-
neutrino flavors and types. The neutrino flavor and type evotrino numbers for each of the three active species relative to
lution through each mass-level crossing is governed by &aryons)Y, , Y,,#, Y,

Schrainger-like equation The effective neutrino number for speciesa=e, u, 7)
4 [ a (t) relative to baryons ié(,,a=(n§‘:—n%j)/pNA, where, for ex-

im ay(t) |[=(HyHHetHL) a1 | (6) ~ample, the effective number (;I‘ensify of neutrino speaiex
Y Y positionr encountered by a “test” neutrino traveling in a

pencil of directions() is [18,29,3Q
wherea,(t) anda,(t) are the time-dependent amplitudes for

the neutrino to be in, for example, the flavor eigenstaigs 1 L w do’
. . . . . f VB
and|v,), respectively. The propagation Hamiltonian in Eq. n® ~> _ZE_J dE, j4_fv
(6) is given as the sum of three ternk,, H,, andH,, « “F cmR( V,g> 0 " Tk
resulting from vacuum masses, forward scattering on elec- R A A
trons and nucleons, and forward scattering on “background” X(Ey )Py (BEupor, Q)(1-Q7-Q). (9)

neutrinos, respectively.

In general, we can express the neutrino propagatiopere 8 runs over all neutrino species to be considefied
Hamiltonian as cluding speciesy), f”ﬁ(EVﬁ) is the normalizedenergy dis-

tribution function for neutrino specie8 at its birth position

HV+ He+ HVV . . " .
(the neutrino sphere of radifs), andPVBH,,a(E,,ﬂ,r,Q’) is
1 AcCOS2+A+B  Asin20+Byg the probability for an initialv; to appear as a, when en-
=5| Asin20+B; Acos20—A—B | countering the test neutrino at position In general, this

transformation probability will depend on the enerﬁyﬁ
(7) and direction()’ of the background neutrino,, as well as
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on the positionr. The last factor in Eq(9) contains addi- |ve) cos¢ singcosw singsinw 0
tional dependence on the directidd’ of the background |ve) —sing coS¢Ccosw COS Sinw 0
neutrino. = .

For efficient conversion of neutrino flavors and types, the |Vﬂ> 0 _S'n“’/‘/i COS“’/‘/E 1/‘/5
evolution of the neutrino amplitudes through the mass-level | |v,) 0 sinw/+\2 —COSw/\/E 1/\/5
crossing(resonancemust be adiabatic. In turn, this requires
that the width of the resonance region be large compared (|vy)
with the local neutrino oscillation length. The width of the |
resonance region is v2)

X |vs) (13
|V4>

Sr="H tan 20, (10
In Eg. (13), the vacuum mixing betweer, and v, is largely

governed by the anglé, while that betweern, and v, is
whereH is the scale height of the weak potential at reso-chosen to be maximal by our assumption. The angles-
nance: sentially specifies the vacuum mixing betwegn, andv .

For small vacuum mixing between these two doublets, we

require w<1. In Eq. (13), all the CP-violating phases are

din(A+B)| 2 ignored.
~ T ar (11 With the definition of
r res
[vu)—vo)
*\_— ! M 7
Vi) —— (14
V) 7
The adiabaticity parameter characterizing the evolution of
the neutrino amplitudes through resonance is proportional tgnd
the ratio of the resonance width to the local oscillation oyt v
length: « v)tlv,
V)= —7—7-—, 1
[v7) 2 (15
S sir2 20 Equation(13) can be rewritten as
me< si
= ——H
YT 2E, cos 2 |ve) cos¢ singcosw Singsine 0
, _ |vs) —sing cos¢Ccosw Cos¢psinw 0
%4'6<6521V2) ( 25EI\/IeV)<S|1n;_230) ( - :lkm)' (12) i) | = 0 —sinw COSw 0
. ' |v¥) 0 0 0 1
Note thaty>3 corresponds to better than 99% conversion of |v1)
neutrino flavors and types. |v,)
X1 vg) (16)
|V4>

B. Case of active-sterile plus active-active

neutrino transformation ) ] ) )
It is clear from Eq.(16) that |v¥) is a mass eigenstate in

In the context of the general scheme in Fig. 1 for neutrinovacuum, i.e.H,| v} )e|v}). In fact,|v}) is also an effective
masses and mixings we make several specifications to facilmass eigenstate in the presence of electron and nucleon, and
tate our goal of removing the bulk of the, flux in the  neutrino backgrounds, i.e.H(+Hc+H,,)[v})o<|v}). This
appropriate region above the neutrino sphere. First we inis because the amplitude of forward scattering on electrons
voke maximal mixing betweem, and v, which is consis- ~and nucleons is the same fof, and v while the effective
tent with the SuperK atmospheric neutrino data. Furthernumber densities of, and v, for neutrino-neutrino scatter-
more, we assume that the vacuum mixing betwegn and  ing above the neutrino sphere are the same due to the sym-
ve.s is small. In particular, we consider the following mixing metry in transformations concerning, and v.. Therefore,
scheme between the flavor and type eigenstates and titiee evolution of|v}) is decoupled from that ofvg), |ve),
vacuum mass eigenstates: and|vy).
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1/3
100

(21)

As discussed above, maximal mixing betwegnand v, 5m B 55 MeVv| V 03 |v3
allows us to reduce the problem ofx4t neutrino mixing Tours~11. 6 eV2 ( = V) T(l—Y )/2} S
v e

into that of mixing amongy, v., and v;. In the region
above, yet not too far away from the neutrino sphere, this
3X3 neutrino mixing problem is characterlzed by the masstgy the v* * =, case and

level crossings forv* ‘—vs and v = Ve transformations.

Note that althoughém ™ om? \xe IN OUr neutrino mass 5m 355 MeV| V3 0.4\ 13
scheme shown in Fig. 1, the weak potentialand B in the Toure~10.8 & eV2 = v
neutrino propagation Hamiltonian are quite different for €
vﬂ_vs and vﬂ_ve transformations. The effect of the weak fgor the 1* * =, case. According to Eqd), the radial sepa-
potentlaIB from the neutrino background will be addressedratmn between the two resonances has a Wp|ca| value of 2
in Sec. IV. For simplicity, we will negledB in the following  km. As shown below, this is much larger than the widths of
discussion. According to E@8) and Table I, the mass-level poth resonance regions.

crossing(resonancefor v} = v, transformation occurs when The scale height of the weak potential for botfi= v,

and v;: Ve Fesonances can be approximated as

Sico (22

v

sm?, 1-Y
u*s o e
oE, COS 20,5 5= V2GgpNp 5 a7 dinp| ™! re
“lar | "3 @3

while that for v = v, transformation occurs when res

S wherer . is the radius for the relevant resonance, and we
ure have neglected the changeYn compared with that ip. To
2E, C0S 2x = \/EGFPNAYG' (18 ensure gdiabatic convergsior? andpaccommodate r?he LSND
data at the same time, we require ’28~10"3 for 6
In Egs.(17) and(18), G is the Fermi constant, amtl,ssand ~ =6,«5, 6,+.. [This is easily achieved by having~ 10?2
0,+. are the appropriate two-neutrino vacuum mixingand ¢~ /4 in Eq. (13).] From Eq.(10), the widths of the
angles. From Eq(16) we havef s~ cos¢p<1 and . V;i vs and y;ﬁ ve resonance regions are s s
~wsing<1. ~(0r) +e~0.2 km, much smaller than the separation be-
In our proposed scheme to enable theprocess in tween the two resonances. Therefore, we can treat the evo-
neutrino-heated supernova ejecta by disabling the alpha efation of v, as unaffected by the’ = v resonance and that
fect, we require that the’; = v conversion of relatively of vs unaffected by the* = v, resonance

high energy neutrinos take place well below the weak freeze- so far we have restricted our discussion to the case of
out radius. The temperature at which weak freeze-out in thg _>1/3. As the electron fractiolY,, gets close to 1/3, the
ejecta occurs iF g °~10. According to Eqs(2) and (17), v =vs and v%=v, resonances wil approach each other
conversion beIoWat smaller radii thanthe weak freeze-out gnd overlap. In addition, the weak potential governing the

radius then requires evolution of neutrino amplitudes will be dominated by the
TWFO, 3 neutrino background fo¥ .~ 1/3. However, as discussed in
Sm2. =3 8e\/2( 9 ) ( E, ) (1_Ye)/2} 1 Sec. IV, the transformation of neutrino flavors and types,
urs™ 10 25 MeV 0.3 100° coupled with the expected rapid expansion of the neutrino-

(190  heated ejecta, will cause the actual valuergfat a radius to
differ significantly from the equilibrium value corresponding

where we have takegs=11/2, consistent with the condi- 4 the Iocalve and, fluxes. For interesting ranges 6|fn
tions in the ejecta fofe=Ty ©, and scaled the result as-
suming a typical value o¥.=0.4 as obtained in numerical
supernova models in the absence of neutrino transformation
Similarly, for thev}; = v resonance to occur below the weak

freeze-out radius, we require

and 5m#*e, the problematic neutrino evolution neaf

=1/3 occurs well beyond the weak freeze-out radlus and
does not affect our treatment of thejﬁvs and v* = "Ve
transformations discussed previously.

We have also ignored the possibility ofia=v, reso-

TWFO 3 e v nance in t_he treatment of acdve-sterile neutrino transforma-
Smé c =51 e\F( ) ( d )(_e) Sie. (20 tion. This is because were this resonance to occur below the
€ 10 | |25Mev/|0.4] ™ weak freeze-out radius, neutrino evolution through this reso-
) ) _ nance would be grossly non-adiabatic for the neutrino mass-
Therefore, a value ofsm, ~d&m., .~6 eV* consistent squared differencedm3.<10 °eV?) adopted to solve the
with the LSND data would satisfy the requirements in Egs.solar neutrino problem in our neutrino mixing schefsee
(19) and(20). Eq. (12)].

We note that fory > 1/3, thev} = v, resonance will oc- To summarize the discussion in this subsection, we depict
cur before (at higher density and temperature thahe the squares of the effective neutrino masses as functions of
v* = v, resonance for a given neutrino enefgy. Eqs.(17) density in Fig. 2. Here we assume thyat>1/3 and the order
and(18)]. Specifically, the temperature at resonance is of the resonances is as shown. ¥Asdecreases, the effective
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mg where the double-primed coefficients differ from the corre-
sponding unprimed ones in E(R4) again only by a phase.
V] Symbolically, the function of the’} = v, resonance can be

described a$ve)—|vy), [ve)—|vs), [vi)—|ve), and|v})
—[v3).

The probabilities for the initial neutrino state in EQ4)
to evolve into the|ve), |ve), [v}), and[v}) states after
adiabatic propagation through thé = vs and v}, = v, reso-

vs nances can be obtained from E@6) as

Ve|

p P, (t>t,xe) = [(ve v(t=10))[?, (27)

Fast expansion case: Vp,r = Vs

followed by Vju,7 = Ve P, (1>t~ (v v(t=10))|?, (28)

In the fast expansion case, Ye lags neutrino transformation.
Therefore, the order of the level crossings does not change
until all of the electron neutrinos are transformed.

Net Result: Probabiliy “p — Vi = 1/4 Pvﬂ(t>t,u,*e)
Probability Yu — vr = 1/4 ~|( VM| vﬁ)(ve| v(t=tg)) +<VM| V¥
ili vy — Y,

Probablflfy 1 s = 1/2 X(V’T‘|V(t=to)>exr(itl))|2

Probability Vu,7 — Ve => 0 (2nd resonance)

FIG. 2. Sketch of instantaneous neutrino mass leteffective ~ 1(|<ve| v(t=to)) |2+ (v} |v(t=10))|?),
mass-squareméﬁ) as functions of matter densigy for Y.>1/3. 2
(29
mass track forv; will steepen, while that fow, will flatten
out. ForY.<1/3 this trend will be so extreme that the order
and

of the resonances will reverse. As noted above and dlscussed
in Sec. IV, for our adopted neutrino mixing parameters this
reversal does not occur below the weak freeze-out radius in a P, (t>t,40)
typical neutrino-heated outflow. ’

~[(vol v ) (vel v(t=to)) +(v[v})
C. Removal of thew, flux and evasion of the alpha effect X (v v(t=to))exqi®)|2

Based on the discussion in Sec. Ill B, we can regard the 1
* * . .
v,=vsandv; =ve resonances as filters of neutrino flavors ~ Z[ [ ve v(t=to))| 2+ | (| v(t=t))|2].
and types when neutrino evolution through these resonances
is adiabatic. Consider the evolution of an initial neutrino (30)
state

[v(t=to))=a¢ ve) Tagvg) +a,«|vi)+ax|vy). (24  In Egs.(29 and(30) the second approximation is obtained
by averaging over the phade.

At t>t,4, i.e., after adiabatic propagation through the —From Eqs(27)—(30) we see that after adiabatic evolution
v* =g resonance, the neutrino state becomes through thevy = vs and vy, = v, resonanceg}) a v, emitted
from the neutron stai.e., |v(t=ty))=|ve)] would become
50% v, and 50%wv; (2) av, emitted from the neutron star
[i.e., [v(t=tg))=]|v,)] would become 50%w, 25% v,,
and 25%v .; and(3) a v, emitted from the neutron stéire.,

= = 0, 0,
where the primed coefficients differ from the corresponding'V(t o)) =|v-)] would become 50%vs, 25% v, and

imed in Eq24) only b h Svmbolically. th 25% v .. Clearly, as no sterile neutrinos are emitted from the
unprimed ones 'D d24) only by a phase. Sym olcally, € - heutron star, the, flux would be removed at those energies
function of thevy, = v resonance can be described| ag)

4 « - " for which adiabatic evolution through the’=wvs and
—lve) [vg=lvi), [vi)—lvg), and [v7)—[pD). At t * =, resonances is completed. Therefore, if such neutrino
>*tﬂ*e>t#*3’ e, after adiabatic propagation through theevolutlon can be engineered to occur below the weak freeze-
v, = Ve fesonance, the neutrino state becomes out radius and convert most of the emitted from the neu-
tron star to other species before the electron fraction falls
[v(t>1,x¢))~ay |v*>+a”|ve)+a vy tallvE), near or below 1/3, then we will have succeeded in disabling
(26) the alpha effect.

|V(t>tﬂ*s)>%aé|Ve)+aé|v::>+a;*|vs>+a;*|vt},
(25
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IV. EVOLUTION OF THE ELECTRON FRACTION

WITH ACTIVE-STERILE PLUS ACTIVE-ACTIVE
NEUTRINO TRANSFORMATION

increases, conversion intg, or v, will further decrease the
ve flux in addition to the geometric dilution. Consequently,
the raten vgh for raising Y, will decrease more with increas-

Consider the, evolution of a mass-fluid element moving N9 radius than the rat, , for lowering Y. One would
outward from the neutron star surfacee., the neutrino then expecty, to be lowered progressively as the fluid ele-
spherg¢. In the absence of neutrino flavor-type transforma-ment moves towards larger radiusYif=<1/3 is reached, the

. . . . . — * * . .
tion, this fluid element would be irradiated by the, v,,  order of thev)=wg and v, = v, resonances will reverse

v, v, v, and, fluxes emitted from the neutrino sphere (see Sec. IIB and further reduction of the, flux will
throughout its progress toward ejectigfihere should not be C€aSe- In principle th|§ could be worrisome as the evasion of
anappreciableflux of sterile neutrinos coming from the neu- the alpha effect requires that the bulk of thgflux over a
tron star interior. Though a small sterile neutrino flux will Substantial range of energies be transformed away prior to
not affect our conclusions, it is nonetheless interesting tdN€ Point of alpha-particle formation.

note that for our assumed scheme of neutrino masses and HOWeVer, in practice defeat of the alpha effect through

mixings, matter effects inside the proto-neutron star shouldemoval of thev flux will be achieved for the expected
suppress strongly the production of sterile neutrindaf conditions in the neutrino-heated ejecta and plausible neu-

course, the occurrence of thé = v, resonance will cause trino mixing parameters. This is becausg conversion

the fluid element to experience deviation of Yts evolution coupled with the expected rapid expansion of the ejecta wil
cause the actual value of, at a given radius to differ sig-

nificantly from the equilibrium value corresponding to the
local v, and v, fluxes. This equilibrium value at radiusis

from the standard case with no neutrino flavor-type transfor-

mation.
As discussed in Sec. Il B, th&::\ﬁ Vg fesonance occurs

before(at higher temperature thathe v = v, resonance for defined as

Y>1/3. Further, neutrinos with lower energies generally go

through the two resonances before those with higher ener-
gies. Consequently, the two resonances will sweep through
the relevant neutrino energy distribution functions when
viewed in the frame of a fluid element as it moves from the

neutrino sphere at high temperature towards regions of Iowet'or‘S discussed above, in the presence of neutrino flavor-type

Ayn(r)

i (8 T L—
D (D gl

(32

temperature. The energy position of thg: Ve resonance
within the distribution functions, i.e., the resonance energ
ERES, is related to temperatufB, and radiug g through the
resonance condition as

2

sm2, 0.4
RES__ ure
E,~294 Me\{ 6 eV Ye+Y,,e—(Y,,M+YVT)/2}
10\3
X T, S100
. om, 0.4
TN 6 eV || Vet Y, — (Y, +Y, )12
1.4Mg)\3
X(M—NS Stod s - 31

When a fluid element reaches a given radius, we can r

gard all v, emitted from the neutrino sphere with energies

less than the correspondirig=> at this radius as having
changed to either, or v,. Note that no conversion inte,
occurs as th¢v;) component of thes,, or v, emitted from

the neutrino sphere with the relevant energies will have bee

converted into sterile neutrinos before reaching irlf[e: Ve
resonance(Adiabatic neutrino evolution through thg = v

and V;‘i v, resonances is assumed her€he v, and?e
capture rates in the fluid elememven and \ respec-

vep

ransformation, the decrease)o,ten due to conversion of,

>jnto v, or v, in addition to the geometric decrease common
to both\, , and X\, tends to lowerY® at larger radius.

Thus we haved YE9dr<o.
On the other hand, th¥, evolution of a fluid element
prior to the point of alpha-particle formation is governed by

dYe(r)
dr

v(r) :)\Ven(r)_[)\ven(r)+)\:ep(r)]Ye(r).

(33

whereuv (1) is the outflow velocity at radius. To first order,
the solution to Eq(33) is

dYEQ(r)
dr

v(r)

Ye<r>~YEQ<r>—A TESeNT
vh VP

(34)

As the fluid element moves to larger radius, the conversion
front” at ERES moves towards the high-energy end of the
v energy distribution functioishown schematically in Fig.
3), causingY5? to decrease. However, according to Ezf),

this acts to increas¥, aboveYEQ. Further, a larger increase
i.? obtained for a larger outflow velocity corresponding to a
more rapid expansion of the fluid element. Consequently,
flavor evolution ofv, with energies important for determin-
ing Y, can occur withY.,=1/3 in the rapidly expanding
neutrino-heated ejecta for a range of outflow conditions and
neutrino mixing parameters.

tively, will both decrease with increasing radius due to the As indicated in Eq(31), the resonance energ‘;}fES ata

geometric dilution of the neutrino fluxes. However, B&>

given radius depends on the effective neutrino numbers rela-
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fo |

20

Ey(MeV)

30 40 50

FIG. 3. Examplev, andv,, , energy distribution functions. Here
we take these functions to be of the form in H§7) with T,
=2.75 MeV, ”Ve:3 (corresponding teiE,,e>: 11 MeV) andT,,W
=6.76 MeV, 77”#,‘—:3 (corresponding thVN)=27 MeV). The
resonance energ)EffES for neutrino flavor-type transformation

sweeps from low to high energy through the neutrino energy distri-
bution functions as a fluid element moves away from the neutror(

star.

tive to baryonsy, , Y,,”, andY, . These quantities determine
the effects of the neutrino backgrounds on neutrino flavo
and type evolution. Using Eq9) and assuming adiabatic
neutrino evolution, we find that, for a radially travelling neu-

trino,
10 MeV)\ (=
YVe%Ave LVe,SO m fERESfVe(EVe)dEVe
€ v
[ 1oMev 35
— Ly 50 - ’
(B
where
2
1.4My\3Slod 3 R2
AV::072< o) 20008 g\ J1- e8| (3
€ Mns Rv,ﬁ res
and
E2
Ve
f,(E,)= (37)

TS Fa(n,,) expE, /T, —7,)+1

is the normalizedv, energy distribution function. In Egs.
(39 and(36), L,_so andL,_soare the neutrino energy lumi-

nosities in units of 1¥ergss' and R, ¢ is the neutrino-
sphere radius in units of £@m. In Eq. (37), Fz(me)

= [oIx?/[exp— 77,,9)+1]}dx is the second-order relativistic
Fermi integral, and the two parametélrs and 7,, can be
specified by fitting the first two energy moments of the nu-
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4

To
Ri,esioo-

el

1.4 M,
MNS

(39

A%~OD%

Taking, for example,L, ~L; ~10% ergs'!, (E,)~11
MeV, and(E; )~16 MeV, which are plausibly characteris-
tic of neutrino emission at very late times, we hd\)te,e|

~0.01 atTy~10 forR, g=1 andS;o,="0.7. Therefore, com-
pared with typical values oY ,~0.4, Yoo Y,,#, andYVT can
be neglected. Further, the effects of the neutrino back-
grounds on neutrino flavor and type evolution are especially
small for low values ofS,y, [see Eq.(38)]. This is because
important neutrino flavor and type evolution occurs over a
relatively narrow range of temperatures and for a lower en-
tropy, these temperatures correspond to larger fadi Eq.
(1)] where neutrino fluxes are smaller.

In order to disable the alpha effect, we would like to have
the bulk of thev, flux at E, <20 MeV (see Fig. 3 trans-

formed away before the point of alpha-particle formation
Ty~10). This requires that the, conversion front be at
ERES~20 MeV when the neutrino-heated ejecta has reached
the radius corresponding fby=~10. With a typical entropy
of S;00=0.7 and values one~0.4>>YVe, YVM, Y, in the
gjecta, we see from E@31) that this requirement is indeed
satisfied forﬁmi* ~6 eV

The typical evolution ofY, in the neutrino-heated ejecta
with v}, = v plus v} = v, transformation can then be sum-
marized as follows. AfTg~20, the electron fraction has a
typical value ofY.~0.4 in equilibrium with thev, and;e
fluxes. As the ejecta move to regions of lower temperature,
the v, conversion front aEX®> moves towards the high-
energy end of thev, energy distribution function and re-
moves thev, flux atE, <ES=°. This suppresses the destruc-

tion of neutrons and lower¥, somewhat below~0.4.
However, v, conversion coupled with the expansion of the
ejecta causes rapid change in the instantaneous equilibrium
Y, value, YEQ, and maintaing/,>YE?. Consequently, con-
version of v, with energies important for determining, is
completed atY.>1/3. When the ejecta reach the point of
alpha-particle formation &y~ 10, thev, conversion front is

at ER®5~20 MeV and the bulk of the, flux has been re-
moved. This then defeats the alpha effect which would drive
Y. close to 0.5 if a significant flux of, existed to destroy
neutrons afl g=10.

Therefore, our scenario of; = v plus v, = v, transfor-
mation ensures that 143Y.<0.4 can be obtained andain-
tained before the onset of rapid neutron capture in the
neutrino-heated ejecta. While this scenario does not lead to
very low values ofY,, it nevertheless guarantees a range of
Y. that will lead to a successful process when combined
with the appropriate entrop$ and the dynamic expansion
time scalerpyy in the ejecta.

merical v, energy spectrum from supernova neutrino trans-

port calculations. Expressions f(r‘rVM and Y, can be ob-

tained in similar manner.
Forr=1.5R,, Eq.(36) can be rewritten as

V. CONCLUSIONS

The alpha effect is the single biggest impediment to ob-
taining the necessary conditions foprocess nucleosynthe-
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sis in neutrino-heated ejecta from supernovas. In fact, thikas important effects on the dynamics of supernova explo-
effect may also be an obstacle feprocess nucleosynthesis sion[29-32. Conceivably, neutrino mixing also affects the
in neutrino-heated ejecta from neutron-star mergers. Thaucleosynthesis discussed in Rg5], which occurs shortly
central problem is that the, flux causing ejection of bary- after the supernova explosion. Currently, we are investigat-
ons from deep in the gravitational potential well of the neu-ing the effects of our scheme of neutrino masses and mixings
tron star will destroy neutrons via,+n—p-+e~ in the re- at these early times.
gions of alpha-particle formation. This destruction of From this work, one conclusion specific to particle phys-
neutrons then renders the subsequent neutron capture procéssis that evasion of the alpha effect and, hence, robust pro-
incapable of producing the heavyprocess elements. We duction of ther-process elements in neutrino-heated ejecta
have suggested a scheme of neutrino masses and mixingeem to require at least one light sterile neutrino species. We
which could solve this conundrum by removing thgflux ~ have shown here that one neutrino mass scheme to disable
through matter-enhanced, ,=vs plus v, ,=v, transfor-  the alpha effect has a maximally mixeq-». doublet split
mation above the regions of efficient neutrino heating bufrom a lower-mass/.-v5 doublet. However, another scheme
below the regions of alpha-particle formation. This schemd33], which has three light, nearly-degenerate active neutri-
which rescues-process nucleosynthesis in neutrino-heatechos and a heavier sterile neutrino species, has also been sug-
ejecta originally was not constructed for this purpose.gested to do the same. Though this latter scheme has the
Rather, it was designed to explain simultaneously the solaattractive feature of a significant increase in the neutron ex-
neutrino data and the anomalous atmospherjév, ratio  cess, considerations that do not concernrtipgocess argue
and to allow for a hot component of dark matter. Subse-against it. On the other hand, reduction of theflux dis-
guently, it also explained the LSND signal. In fact, this cussed in this paper will not be obtained in a third scheme
scheme with a maximally mixed ,-v, doublet split from a  [36] wherev,= v mixing explains the atmospheric neutrino
lower-massve-vs doublet by ¢m?), syp=1 €V2 may be the result andv.= v, mixing explains the solar neutrino result.
only one which can escape elimination by recent interpretain addition, this third scheme is in trouble with big bang
tions of the SuperK atmospheric neutrino dgt®25] and by  nucleosynthesis bound26]. Finally, if we adopt the neu-
big bang nucleosynthesis consideratipa4]. trino mass scheme of this paper, then the splitting between
While we do not know if there is a way other than invok- the doublets must bém?=1 e\? in order to have the ben-
ing neutrino mixing to circumvent the alpha effect in eficial effects on the process. Note that this splitting is
neutrino-heated ejecta, attempts at “astrophysical” dodge ofithin the LSND range and most likely in the upper sector of
this effect made so faisee, e.g., Ref11]) seem to be finely it. Of course, these conclusions presuppose shateof the
tuned at best. Absent a non-neutrino-physics escape from thieprocess material in the Galaxy originated in neutrino-
alpha effect, we could draw interesting inferences about Gaheated ejectéfrom either supernovas or neutron-star merg-
lactic chemical evolution were future experiments to reveal a&rs and that there is no conventional astrophysical fix for the
neutrino mass schenwherthan the one that aids thiepro-  alpha effect.
cess. In that case, for example, we could be forced to rethink Our conclusions will be tested by neutrino experiments as
the origin of the bulk of the-process material in the Galaxy. well as and astrophysical observationsreprocess nucleo-
In turn, this could have consequences for our understandingynthesis. In any case, it is both surprising and tantalizing
of the rates and physics of, e.g., neutron-star mergers. Or wthat mixings among active and sterile neutrino species with
could be forced to rethink electromagnetic ejection of matesmall masses can have such profound effects on the physics
rial from supernovas. of astrophysical objects and the synthesis of the heaviest el-
In addition to ther-process connection, our scheme of ements.
neutrino masses and mixings has interesting consequences
for detection of neutrinos from future Galactic supernovas.
As the solar neutrino problem is solved by= v4 mixing in
this scheme, sterile neutrinos produced by the = vs We would like to acknowledge discussions with A. B.
transformation near the neutron star will be converted intqgajantekin, J. Fetter, G. C. McLaughlin, M. Patel, and J. R.
ve. Therefore, at late times of the supernova process, thergjilson. This work was partially supported by DOE Grant
may be a significanincreasein the averagee energy with  DE-FG03-91ER40618 at UCSB, by NSF Grant PHY98-
no accompanying increase in the averagenergy. Further- 00980 at UCSD, and by DOE Grant DE-FG02-87ER40328
more, it has been shown that neutrino flavor transformatiorat UMN.
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