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Classical Nambu-Goldstone fields
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It is shown that a Nambu-GoldstoiiiG) field may be coherently produced by a large number of particles
in spite of the fact that the NG bosons do not couple to flavor conserving scalar densities &dnhf&sflavor
oscillation process takes place, the phases of the pseudoscalar or flavor-violating densities of different particles
do not necessarily cancel each other. The NG boson gets a macroscopic source whenever($pemnthale-
ously broken quantum number carried by the source particles suffers a net increase or decrease in time. If the
lepton numbers are spontaneously broken such classicalN\goron) fields may significantly change the
neutrino oscillation processes in stars, pushing the observational capabilities of neutrino-Majoron couplings
down tom,/300 GeV.

PACS numbsd(s): 14.80.Mz, 14.60.Pq

As is well known, spontaneous violation of global sym- that the NG bosons couple to pseudoscalar dengijeser-
metries leads to the appearance of massless Nambuaily these can be both flavor-diagonal and nondiagomratio
Goldstone(NG) bosons in the particle spectrum. The NG off-diagonal scalar densities. However couplings to flavor-
bosons not only have zero mass but they also have no scal@fagonal scalar densities are not poss(2g]. The pseudo-
potential terms such a4*. Nevertheless, they do not medi- scalars that are diagonal in flavor vanish for free particle
ate long range forces because they only have derivative cogdtates and the flavor violating densities depend on the rela-
plings[1]. This can be understood as follows. A NG bogbn  tive phase of distinct flavors. The natural conclusion has
associated with a quantum numbgrbroken by the vacuum peen that these relative phases cancel each other when
transforms under U(l) as¢— ¢+ a, a=const, and all the  symmed over a large number of particles and therefore long
other fields are made invariant in the unitary gauge. &Ahe range “1f” NG fields are not possible. Only spin-dependent
cpnserygtion Ie_lw takes the form, ignoring for simplicity POS-«q/3 interaction potentials can exi$e,3].
sible mixing with other NG bosons, However, there may be cases where certain quantum
1) numbers are not conserved in a very Iargg scale. qu ex-

ample, the total lepton number is violated if the neutrinos

which is nothing but the equation of motion of the NG bo- Nave Majorana masses, while the partial lepton numbers

son.V, is the scale of symmetry breaking add is the Lu OF L. are violated if they are also mixede., if the
current of the other fermion and boson patrticles. In Othe’nond[agonal eIement; of the neutrino mass mairix are non-
words, this equation reads,J“=0, where zero in the flavor basjsIn other words, this means that in

physical processes the individual lepton numbers are violated

Vpd, 0 ¢+ a,I4=0,

JH=JH+V 0 ¢ 2 by the neutrino oscillation phenomena, e.g., in stars or other
astrophysical objects. If the unconserved quantum number
is an exactly conserved current. is spontaneously broken, it implies the existence of a mass-

The source of a scalar field is of course a scalar densityess NG boso - a Majoron[2].1 As it was pointed out by one
The possible fermion bilinears are the scalar and pseud®f us [4], in this case the nonvanishing divergenéyJy

scalar densities such dgf; and f;ysf; but they have to be generates a classical field for the resp_ective NG b(QMm_
derived from the divergence of some currétit. The actual joron). The prototype of such system is a flux of neutrinos
current depends on the particular theory and quantum nuntindergoing a flavor oscillation process. The key idea can be
ber A. J# is determined in leading order by the quantumphrased as follows: as far as the neutrino oscillation process
numbers of the existing particles but receives also highetmplies a nonconservation of the currents liKe= vey*ve,
order corrections with a more general flavor structure. In angtc. associated with the partial lepton numbers, then the con-
case, it suffices to apply the Dirac equation to arbitrary vecservation of the full current2) should imply the existence of
tor and axial-vector bilinears, written in terms of the fermion a classical configuration of the corresponding Majoron fields
mass eigenstates, to conclude, as follows from

aufiytysti=i(mi+my)fiysfy, ©) We call such NG bosons Majoron independently of whether the
_ _ quantum numbeA is the total lepton numbedr or a partial lepton
é’#fl’yﬂszmml_m])flfl, (4) numberLe%T.
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¢e, etc., with nonvanishing, ¢, [4]. (Clearly, a constant also that in scattering processes the effective coupling con-
NG field does not carry much physical sengéhis seems in  stants of neutrinos to Majorons are essentially the neutrino
contradiction with what was said about the interaction of amasses divided by the scale of global symmetry breaking,
NG boson with fermion scalar densities. It is the aim of thisV, . This point will be called later when discussing the ob-
paper to show that it is not so because the phases of wawervational implications.

functions of different flavors are not independent from each In order to evaluate the source terms over a system of
other if transition processes take place between them. In thatarticles one needs to relate the field operators with the wave
event, the wave functions of such flavors interfere construcfunctions. The chiral fields, and v are the left and right-
tively with each other and potentially form a macroscopichanded projections of the Majorana fields

source of the NG boson built out of nondiagonal densities

like f;ysf; or f;f;, in the basis of the mass eigenstates. To

see this one has to be more specific about the nature of the nt VE:f ag+alys, (10
fermion current and equations of motion.

Consider a NG boson associated with the spontaneousherea anda’ are annihilation and creation operators and
breaking of a partial lepton numbéer, which could bel, single particle wave functions. The expectation value of the
L,, andL ., or any combination of these. Denoting the neu-operators in Eq(8) gives then a sum over all the existing
trinos by f?#, with quantum numbera ,, and restricting our-  particles in terms of their wave functiong{= —1 for left-
selves to the fermion current, the equation of motjinof handed spinois
the corresponding NG bosdiMajoron) is given in leading

order by i _
Iud" b=~ > YAMA+AM) 4 ys0P. (12)

3,0" p=— Vi > 9, (FRyPA ). (5)
A a The second member contains precisely the pseudoscalar den-

sities present in Eq3). It remains to establish th¢ equa-

tions of motion. They are nonlinear at the operator level due

to Majorana mass terms but the wave functions obey linear

After applying the fermion equations of motion, the interac-
tions that violate the lepton numbdr emerge in the second
term. They vary from model to model but include in general ; ]
neutrino Majorana masses. These are the lowest dimen:siéartfluatlonS as follows from Eq¢6) and(10):
terms that violate\ and we confine to them here neglecting — b_\/a.p. 2
any higher order flavor-violating gauge or Yukawa interac- HOYP=Mapy =V, y* ysy™.
tions. For simplicity, the neutrino mass matnir, is assumed
to be real in the weak basis. Denoting b§ and v the
left-handed neutrino fields and their charge conjugates, th
equations of motion are of the form

(12

These are the equations of motion relevant for the most
gommon cases of neutrino propagation in matter or vacuum.
What is usually done is to separate the spin and flavor de-
grees of freedom by expressing the wave function as a prod-

ihvd= mabeCJr VZ”M”E- (6) uct of a Ieft—h_anded spipofxg (vsio= — i), solution of the
zero mass Dirac equation
The potentials\/z account for the local neutral anierz-
transformedi charge current interactions with the medi{h id14=0, (13
and couplings to the NG boson namely,
and a flavor-valued wave functiop® that obeys a well
—= a known evolution equation as a function of the distance trav-
Lovp=y0ut vLy*Narvi. @ elled by each neutrino. Here, one has to go beyond that ap-
A : )
proximation because the pseudoscalar densities in(Ek.
The result is vanish for spinors with well defined chirality. An approxi-
mate solution of Eq(12) is

F— —
0u0" &= TV (A2 =y (MA) g, (®) o

o ~ o b
PU= e+ Vopoe Yo" (14)

where the quantum numbdr is written in matrix form. For
example, one can consider the anomaly free quantum nu
berL.—L,, in which case thétwo-flavor) matrices of lep-
tonic charge and neutrino mass have the form

MWhich applies for the most common cases where only the
scalar componentg] exist and even for vector potentie\?é‘

that are parallel to the neutrino velocity The wave func-
1 0 M, M tion ¢? is considered as a function of the distance travelled
o -1/ ™M M, ©) by the neutrino to the point, S=X-v —X,-v, while the de-

pendence on the variabte-s (constant along the neutrino

respectively, wheré/ is aA=L,—L, conserving entry and trajectory is totally absorbed inj,- ¢* obeys the familiar
M1,M, are theA violating ones. The result above illustrates evolution equatiorf5-7]

A:
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de?  [m? X ity P, (5)=¢*"¢%¢ ¢ of observing thev, flavor. Since in
'E: EJFVMUM L (19 the presence of oscillations this probability is essentially
ab smaller tharP,,e(O)zl, the total¢, source charge is posi-
wherev*=p*/E is the neutrino velocity anvzbz EabeL. tive. The consequence is a long rangg classical field that
Using these wave functions, the Majoron equation of mo{propagates at the velocity of light. Thé, sources exist
tion (11) reads in leading order whereL.—L , is either created or destroyed and the size of

these regions is determined by the neutrino oscillation
length, or resonance length in the case of resonant oscilla-
tions in a medium.
An explicit example is the well known case of two-flavor
It is now clear that no flavor conserving terms contribute tooscillations in vacuuni5]. With a mixing angled and Am?
the Majoron source either in the weak basis whérés di-  mass difference the, flavor probability is
agonal or in the mass eigenstate basis wihers a diagonal
matrix. The existence of a Majoron source relies on the in-
terference between different flavor components of the neu-
trino wave functions. But that simply means the existence of
neutrino oscillations. Another necessary condition is that thes a function of the distanaetravelled by the neutrino from
flavor dynamics Hamiltonian does not conserve the quanturits production point. The equation of motion of the NG field
numberA. Here, as a result of our particular specification ofbecomes
the neutrino interactionsA is only violated by the mass
matrix. In general there could be also some additional non- 2 o Am? 2
standard neutrino flavor-violating interactions with matter ‘?#‘w‘“:v_e 2 ylysir? 20—4=sin 5| (20
constituents whose effects can be comprised in the potential
Vy in Eq. (15). The remarkable feature is the absence ofthe source term changes sign as a functios bfit the scale
cancellation due to the arbitrariness of the wave functiony gpatial variation is the flavor oscillation wavelength,
initial phases: each neutrino contributes with a term that onlyyg/Am?2, not any scale related to the number density or lin-
depends on the phase invariagfigo and ¢*'¢®. This cru-  ear momentum of the particles. The neutrinos produced too
cial fact permits that in certain circumstances the contribufar away give a vanishing contribution because the coherence
tions from a large number of particles add to each other withs |ost, but the ones produced within a sphere of the scale of
a definite sign making so a source of macroscopic dimenthe oscillation wavelength give a nonzero source term. Its
sions. The precise understanding of the nature of those cikjgn depends on the distance to the point where egahas
cumstances is the subject of next discussion. produced, but if one integrates over all neutrinos, the result is
Making use of Eq(15) one can write the last equation as finjte as shown in the following example. If the reactor or
1 d star produc_esz’e neutrin(_)s in a stationary basis, the NG field
J,0"p=— v > l//gl#od—swaTAa@a- (17)  obeys a Poisson equation and the total “charge”, the volume
AV integral of the second member, is positive. This can be seen

. ... from Egs.(18) and(19): the volume integration is trivial if
Again, the second member does not depend on the initiglne considers neutrinos propagating in plane waves and the

phases of the individual particles. It rather depends ONverage value of the probabiliy, over the neutrino spec-

whether there is a net increase or decrease of\ttrmimber UM converdes to 4 sir? 20/2 at distances much laraer than
carried by the neutrinos. Take the example of a large syster“ 9 9

where only v, are produced out of electrons captured inthe oscillation Iengt.h. For a total luminosity equal td\IV.,
nuclear reactions. The oscillationg— v, necessarily lead the total “charge™ is 2/, times the number of neutrinos
to a total decrease of the partial lepton numherL,—L,  that undergo the transition.— »,, per unity of time,

that was initially carried by electrons. X is a spontaneously

m2
A'E} Yoo (16)
ab

i
o= — at
WG 2 ¢

2
P, (s)=1—sin* 26 sir® i—rgs), (19

broken quantum number, then th(_e equation of _motion _of thei d_N(Ve_W )= iNy(l—<P,, (20))) = il'\lysinz 20.
corresponding NG bosod,, is (we ignore a possible mixing V, dt B V) € Va
with other NG boson$4]): (21
1 dP, —P,) This quantity has a definite sign, regardless of the size of the
3,0 =~ Ve > wﬂp% reactor, the only assumption is the nuclear reactions feed the
A system withy, at a constant rate in time. That means that the
5 dP NG field is just like the electrostatic potential due to an elec-
= E o "e’ (18) tric charge distribution: it exits at distances much larger than
Va ds the size of the sourcé&he place where neutrinos oscillate

o with a Coulombian “1f” shape. What is really different is
where for simplicity we have assumed that only—v,  the nature of the charge. The “charge” of this NG field is
takes place and thug, +P, =1. Therefore, the shape of the time rate of decreasing of the total— L, number car-
the Majoron field¢, is determined in terms of the probabil- ried by leptons.
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In the case of neutrino propagation in the medium, thedecay after the first instants of supernovamission. This
neutrino oscillation is typically suppressed by the effects ofmay be observed with detectors capable of detecting super-
the coherent interaction with the matter constituents. Hownova neutrinos and measuring their energy spectra or time
ever, there can be a resonant neutrino conversion, so callefolution. Then, one could go beyond present experimental
MSW  (Mikheyev-Smirnov-Wolfenstein oscillation [6,7],  and astrophysical limits on the Majoron effective couplings
where almost completeve— v, conversion takes place tg neutrinog8] [these are typically of the order of the neu-
within the length of the resonance area. Then, the source @fino masses over the scale, , see Eq(8)], provided that
the NG field lies in the resonance _she_ll,_ sphe_ric in the case Qfg scale of symmetry breaking is under 1 TEY. The NG
a star, and the total NG charge is finiferovided that the  fje|q could have some impact on solar neutrinos too if the
ve— v, conversions are not compensated .by an (e_xaCtI%caleVA is below KeV. Though such a situation is not very
equal number ofve—w, or v,—wve conversions, which paysiple, there exist some modéld] in which V,, can be
might happen ifv, or v, are also produced in the reactor or very low and thus the effective Majoron-neutrino coupling
stap. Consequently, a Coulombian field is produced with  constants rather large, up to order #6103, still evading

2 1 dN the present Ii_mits. - _
A= ——(ve— 1)) (22) The following remark is in order. The physical features of
Vy 4mr dt a generating the classical Majoron field due to neutrino oscil-
éation is very much different from the mechanism of Ma-
joron production due to neutrino coherent scattering on the
The fermions interact with the long range NG field matter components of a medium—the so called matter in-

through its gradient. As shown in EG7), d,é, acts as a duced neutring decay with Majoron emis.si{)lll].. In the
vector potential on the neutrindand charged leptopsin Igtter case Majorons are proqlu_ced as particles since the me-
the case illustrated above a radially moving neutrino “feels” dium provides an energy splitting between the neutrino and

at radiusr larger than the radius of the resonance shell. Th
field is constant in the region inside that shell.

a potential energy equal to antineutrino states and so the transitions eithery+ ¢ or
v— v+ ¢ are possible, depending on the neutrino flavor and
1. . 2 1 dN on the chemical content of the mediuiire., which of two
Vne=F gV Vor=2— —(ve—ry), (23 “ P
Vo V% Aqr2 dt s states becomes “heavier” in the matter backgroundery

low-momentum Majorons could also be produced as a result

where the upper sign is fore,ZM and the lower sign fop,, , of (stimulated neutrino decays in the early Univer§g2],

ve. The derivative nature of the NG boson couplings givesformlng a sort of Bose condensate with large occupation

an effectiverve coupling constant equal t\d;l over the numbers in the low momemtum part of the spectrum, but still

distance to th source. This is icallv an extremel made of individual Majoron particles. On the opposite, the
by o typ atly MEY broduction of the classical Majoron field rather resembles the
small number. However neutrino oscillations are sensitive t

very tiny external potentials. In addition the NG boson cou- e:?gilignc\lljvrlﬁgnctlas&cal electromagnetic field produced by the

s Seben Cn e Perlle uan nmbers 1% Concluding, we have shown tat i  process o fvor

neutrino osciI)I/ations themselvpe[$ee Ey (155)] Because oscillation takes place a pseudoscalar density like the one of
a- : g.(12) may give rise to a long-range NG field as a result of

these are Ipng-range f!elds one can concelve that a NG f'? e constructive interference between the wave functions of
generated in some region of a star may affect the propagatiq fferent mass eigenstates. Furthermore, the source of the

of other neutrinos or flavors outside that region or even ou G boson is the time rate of decreasing of the quantum

of the star. . . . number associated with it, which is nothing but the term
Some possible effects can be devised concerning the su-

il Mo _
pernova neutrinop4]. The NG potentials are proportional to d,J4 in Eq. (1) [4]. If the lepton numbers are spontane
the v luminosity over ¢V ,)?. In the case of supernovas this ously broken at the Fermi energy scale or below, and that

number is comparable to the values/&im?/2E that are in- g‘seringggegg\? Tﬁgtggg;z:thzrdorll/l?;%l:]ngeﬁggsé;a:t:tiﬁss:ow
teresting for the solav solutions for scale¥/, as large as nifice]{nt enough ,for neutrino oscillati(ins in supernovas Whogse
the weak breaking scale. It was shof{4j that the NG fields g P

may then have a significant role in resonartscillations. A spectra may then show evidence of their existence beyond

special feature is the dependence of the effects on the abstcpe limits [8] that can be reached from laboratory or astro-

lute magnitude of thes fluxes. The signature is a surprise, physical scattering processes.

i.e., oscillation patterns of supernova neutrinos that are in We would like to thank Sasha Dolgov for useful discus-
contradiction with the solar, atmospheric, and laboratorysions. L.B. acknowledges the support of FCT under the grant
neutrino observations and/or that turn off as thdluxes = PESO/P/PRO/1250/98.
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