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Bounds on the coupling of the Majoron to light neutrinos from supernova cooling
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We explore the role of MajoroiJ) emission in the supernova cooling process, as a source of the upper
bound on neutrino-Majoron coupling. We show that the strongest upper bound on the couplingames
from the verv,—J process in the core of a supernova. We also find bounds on diagonal couplings of the
Majoron to v, v, and on off-diagonab.v, couplings in various regions of the parameter space. We
discuss the evaluation of the cross section for four-particle interactions-(JJ and vJ— vJ). We show that
these are typically dominated by three-particle subprocesses and do not give new independent constraints.
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[. INTRODUCTION Majoron models are also interesting from the astrophysi-
cal point of view, because they provide the only mechanism
The solar and atmospheric neutrino observations providéor fast neutrino decay, which has not yet been exclu@ep
strong evidence in favor of neutrinos being massive. Thesand the references thergiThe role of neutrino decay in the
experiments are sensitive only to mass squared differencewlar[8] and atmospherif9] neutrino fluxes has been exten-
[1]; on the other hand, the overall mass scale of neutrinos isively studied. The possibility of explaining the anomalies by
strongly constrained by the Troitsk and Mainz experimentspure neutrino decay is excluded. In REEQ], decay of solar
[2]. Combining these pieces of information, we conclude thanheutrinos along with oscillation has been discussed and, for a
the masses of the three active neutrinos are very smalhormal hierarchical neutrino mass scheme, it was found that
Among the plausible and economic models that have been
developed to give a tiny mass to neutrinos are Majoron mod- 5 .
els[3,4]. In these models, additional Higgs boggnare in- 924°= % GapUa2Up1
troduced such that their vacuum expectation values break the “
exactB—L symmetry of the model. The Goldstone boson

assc_)ciated with this symmetry breaking is called the Majororbecay of neutrinos emitted by supernovae have been studied.
partlcle_\]. . . . . . Future supernova observations can provide strong bounds on
In principle, Majoron particles can interact with matter—(ﬁr evidence for neutrino decay and consequently on the

e::ﬁir(s){;’sm:gl\%sgi Et?gaonzbrnoc\ilvgﬁ:\gs]g iz(t)grlglcgm;r]:sre ajoron coupling, provided that the uncertainties in super-
9 P 9 nova models are resolved.

vl-\l/ﬁ;]eggﬁtr;irmi V;Ir;"tl’?gslilzenll’gtltjrr]:t tng?mg: gf&;ﬂ;ﬁéﬁﬁtnfecl_y If Majorons are coupled to neutrinos strongly enough,
: ' yp ) they can show up inBB-decay experiments, changing the

action have been studied: spectrum of the final electrons. Nonobservation of such an
effect imposes a strong bound on the coupling congtezit
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In Ref. [11], the different aspects and consequences of

Lin=3% J(Qap® 02D g+ Glp® oo @) (1)
|ged <3%1075.
and
Also, no sign of Majoron particles has been observed in
gim:haﬁq)j;;. (00D 4, (2)  pion and kaon decays and theref¢is]
whereJ is the Majoron field® 5 is a two-component repre- ' | 12<3x10°° and > |g,|?<2.4x10°%
sentation of a neutrino of flavgs, andg,sz andh,z are 3 I=e.pn,7 I=e .7
X3 coupling matrices. The matri,z is Hermitian while
Jap IS @ Symmetric matrix. In the modg8], for a range of The strongest bounds on neutrino-Majoron coupling are

parameters, the interactions can be described by Bdsee obtained by studying the role of these particles in a super-
the Appendix of Ref[6]). In this paper, we will use this form nova explosion. In fact, three types of bounds are obtained.
of the interaction; however, as we will see later, in most (i) Deleptonization. If the couplinfg. is too large, Ma-
cases our results apply for both forms. Also, we will notjoron emission can reduce the lepton number of the core of
assume any special condition on the diagonal or off-diagonadupernova viav,—v.J, preventing the emission of an in-
elements ofy, ;. Since we have chosen a general approachtense observable photon flux. [14-17 this effect was
our results apply to any massless scalar field that has astudied; the result is

interaction of the form given by Ed1), independent of the

underlying model for it. |ged <2%x107°.
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This bound strongly depends on the details of the supernove
explosion model.

(ii) Spectrum distortion. The production and absorption of I Supernova coolng
the Majoron particle can affect the spectrum of the observed? - b e c
neutrino flux from a supernova explosion. This effect was
studied in Refs[17], [15] and the result is
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This result suffers from the low statistics of the SN1987a
data and can be improved by future supernova observations
(iii) Energy loss. According tpl8], the binding energy of

a supernova core iE,=(1.5-4.5)x 10°3 erg, which coin-
cides very well with the energy emitted by SN1987ain 1-10 FIG. 1. Bounds o, from supernova coolingipper lineg and

s in the form of neutrinos. Hence the power carried away byaP observationglower lines. Line a shows the “upper” bound on
any exotic particle such as a Majoron cannot be larger thafee from the vere—J process in the supernova cqsee Eq(42)]
~10% erg/s. This imposes strong bounds on the coupling of¥Nilé line b represents the “upper” bound from,— veJ [14]. Line
Majorons. The effect of energy transfer due to Majoronc shows the “lower” bound which is derived without considering

emission has been studied in a number of paperg1e effect of th.e four'pf)'m processiist]. Line c gives the Hlower'.’
[14.15,6,19-2] ound according tf15]; we have argued that this is an overestima-

In the presence of matter effects. a number of three- oingon' Thus we expect the true “lower” bourgto be between lines
P ’ p andd. The range of parameters between the “upper” and “lower”

processes that are kinematically fprbldden In vacuum beE)ounds(the horizontally shaded arg#s excluded by supernova
come aIIOV\_/ed. For example, neut_rmo decay becomes PO%onsiderations. Liné represents the upper bound from double beta
S'bl‘? éven in the absence of neutrino masses. Also, Neutringscay[12] and the whole region to its righithe vertically shaded
annihilation into a massless Majorony—J, becomes kine-  4req is excluded. Lineg andh represent the upper bounds derived
matically allowed. The latter process has not been taken intGom solar neutrinog10] and kaon decay13], respectively. Note
account in previous studies. We will see that this is actuallithat the bound from solar data applies tg,; rather thangee; we
the dominant process contributing to energy loss in a supehave included this line to compare the orders of magnitude of dif-
nova explosion. Previous studies must be reconsidered terent bounds. We have not resolved whether the “lower” boand
take this effect into account. lies above or below; in the latter case, there is a small allowed

In addition, the previous papers either considered gply region between the two bounds.
or studied the Majoron couplings collectively without atten-
tion to the interplay of diagonal and off-diagonal couplings.cannot affect the evolution of supernovae. The values of cou-
In this paper, we study the effect of Majoron emission in thepling above the “upper” bound up to a “lower” bound are
cooling process of supernova cores, considering all the relrot allowed. However, the values of coupling above the
evant processes. We find that, even for very small values dfiower” bound (which are also higher than the “upper”
coupling, interplay of different processes may change théound are not forbidden by supernova cooling consider-
neutrino densities inside the supernova, evading the boundgions because for such values of coupling Majorons cannot
that would be valid without this effect. escape the core freely. The forbidden range is then between

If the couplings are larger than some “lower” bounds, the “upper” and “lower” bounds. In Fig. 1, we illustrate all
Majorons will be so strongly trapped inside the supernovahe bounds org.d to clarify the meaning of the “upper”
that they cannot give rise to significant luminosity. Note thatand “lower” bounds. The shaded area is excluded by the
these “lower” bounds should be much larger than the limit atsupernova cooling process.
which Majorons start to become trapped. For such large val- This paper is organized as follows. In Sec. Il, we calculate
ues of coupling, Majoron production can completely changehe cross section of the relevant processes. In Sec. lll, we
the density profile of the core by transferring energy betweenriefly review the characteristics of the core. In Sec. IV, we
different layers and by changing lepton numbers. In this paderive the bounds on the coupling constants and the values
per we discuss Majoron decay and all other processes thabove which the produced Majoron will scatter before leav-
prevent energy transfer by Majoron particles and derive théng the core. Conclusions are presented in Sec. V.
limits on coupling constants above which the produced
Majoron cannot leave the core without undergoing scattering
or decay. We do not attempt to calculate any “lower” bound
on the coupling constants, because for large values of cou- In this section we first introduce the Lagrangian. Then, in
plings the density distributions inside the core need to besec. Il A, we derive the formula for the neutrino propagator
recalculated. However, we evaluate four-point processesnd the dispersion relation in the presence of matter. The
which become important for large values of coupling con-interaction rates for different processes involving Majorons
stants. In summary, there is an “upper” bound on couplingare derived in Sec. I B.
below which the rate of Majoron production is so low thatit  In the presence of matter, the Lagrangian of neutrinos can

Il. MAJORON INTERACTIONS
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be written in the two-component formalism as be shown tham§ﬁ~|g|2NV/q whereq is the typical momen-
tum of the particles involved. For the values of coupling
—oicd*) constants of order of the upper bounds the effective mass of
B ! . : - 2 .
the Majoron is negligible rfi5x/q<V,). The effective mass
(3 can be considerable only ig]|=5x10*.

L= (18,50 0=V 1p) P 5~

WhereC—iaz, a and g are flavor indicesg=(1,—¢), and
,3 is the symmetric Majorana mass matrix. The term
of «Vap® 5 represents the matter effect. This term has a pre- After straightforward calculations, we find
ferred frame, the frame of the supernova. In the flavor basis, m
V is a diagonal matrixy =diagVe,V,,,V,) with > (T-p—V,)8,,— o ay+\y/rr (@ B(_ D)) =i,
Ve:VN+VC ) V}L:VT:VN ' (4) (7)

A. The propagators and the dispersion relation

where

m,,
(PLPIPH(—P))=2 C—— (D (P)PL(—P)),
VCZ\/EGFI’]B(YG-F er)' VN:\/QGFnB(_ %Yn—’_YVe)’ Y P @ (8)

©)

Y;=(n;—n;)/ng, andng is the baryon densitj22].! In Eq.
(5), the Y, -dependent terms are the result of neutrino- T " -1
e [ Dy(—p)H=2, myP b (-p)——C,

neutrino scattering Since, in the medium of inter@sé su- (Pa(P) o P) 27 s Pa(P)Do(=P)) p-o+Vg
pernova corg’ n b, =M andn,, , the correspondiny 9
parameters vanish and have been omitted from(Byg.In
Ref.[24] it is shown that due to loop effects the values/of
andV . are slightly different; however, the difference is neg-
ligible: V,—V, =5X 1075V, [25]. In a typical supernova
core,V,, andV, are of the order of 10 eV and 1 eV, respec-
tively.

For the interaction term, we invoke the form of H4).

and

where all of the subscripts, 3, vy, ando denote{e, i, 7}. As

we will see, the diagrams in which these propagators are
involved are important mainly whejp|<V,, so the effect

of V, must be treated nonperturbatively. If the mass scale of
neutrinos is high 1©,>JAm?), the masses are
quasidegenerat’émaﬁzm,,éaﬁ. In this case the formulas

But we note that the derivative form of the interaction in Eq.are simpler.
(2) can be rewritten using the equations of motion as : —i8,p
—ih,gmg,®ICO*I—ih,zm, ,DICD,. v (PO V) (Pro= Ve
. . . X(p-o+V,),

Thus, for processes in which all of the involved states are on (Pt Ve) (10
shell (in particular, neutrino and Majoron decayy—J and ) —im,S,p
vJ—v) the two forms of interaction give the same results (d)’;(p)@ﬁ(—p»:C > = .
with the replacement mS—(p-o+V, )(p-o—V,)

g (11)

Jap— (NayMyptmayhypg). ®  and
As we will see, the most important processes involve only . iMm, 0.z
on-shell particles. Therefore all of the bounds in this paper (P .(P)P4(—p))= m2—(p-a+V,)(p-o—V )C
apply for both derivative and pseudoscalar forms of the in- v “ “ (12)
teraction.
The Majoron is a Goldstone boson associated wihct Now let us find the dispersion relation. The Lagrangian

B—L symmetry so in vacuum it is massless. Inside the su¢3) yields
pernova core the Majoron obtains a tiny effective miasg
due to elastic scattering off the background neutrinos. It can @ (p)(—p-o— Va)zz maﬁcbg(p)c (13)

Y1t is shown in Ref[23] that, if the neutrinos present in a medium and
are coherent superpositions of different flavor states, the off-
diagonal elements of , 5 can be nonzero. However, inside the inner (pro—V,)®,(p)= z maBCqJ* (14
core the densities of, andv,, are different and the densities of,
andv, are very low and equal to the densities:gf and v, so the
off-diagonal terms vanish.

2In Sec. Ill, we will see that these equalities are only approxi- A proposed tritium decay experiment, KATR(I26], may be able
mately true[30]. to determine the mass scale.
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Expanding the states as p=(pi—V,0,0p;), p,=(p;s+V,pssind,0p;coso),

B + + where we have neglected corrections of ordemdfp;<V.
D, (p)= ) 2111 ua(h,p)a,(h,p)+v,(h,p)a,(h,p) Energy-momentum conservation implies that

for which & pu,(h,p) = h|p|u,(h,p), we find Ps=(Pi—Ps—2V,~p;sing,0p;—p; cos).

Recalling that we have neglected the effective mass of the

va(h,p)zg ma,;ug%, (15) Majoron, the process— v+J is kinematically allowed if
B p°=hlpl+V, and only ifp5=0 and all the zeroth components of the four-
momenta are positive.p§:O implies that
_1 -
Ua(NP)= o RV, 2 MasCoANP). 4V2—2V(p,—py)
@ 1—cosf= . (19
(16) 2pips
and For|V|<p;<p;, the above equation can be satisfied with all
of the energies positive. This means that the process is kine-
0 . M, Mg, matically allowed.
(p +h|p|_Va)Ua(h’p)=% o= ng[+ vy 4P Restoring flavor indices, it can be shown that fép
7 (17) +V,<0 the rate ofv,— v+ J is given by
i ispersi : i dl'  [gagl® Pi—ps m?
To find the dispersion relation and energy eigenstates we 2 _Bapl P , |Va+VB|FZ(pf)+O —1, (0
should solve Eq(17). Note that the dispersion relation de- dps 8w p; p
pends on helicity.
For m?/p<V<p, one can easily show that where p; and p; are the momenta of the initial and final

neutrinos, andy; extends from ma>é{Va+V/3|,—Vﬁ) to p;.

2 In the equation, we have also included the Fermi factor

ma
Pa=p—hV,+ 3 5 (18)
Fﬁ(pf)— 1- e E- @11

and that the mixing among the flavors is of the order of

m2/2p(V,3—Va)<1, which can be neglected. ) o
which reflects the fact that inside the supernova some states

have already been occupied by neutrinos.
Similarly, for V,+Vg>0, the processy,—vg+J can
In this subsection we first discuss the processes that prdake place. The decay rate is given by EBO) replacing
duce Majorons; then we study those that annihilate or scatteTfZ(pf) with F;(pf). The range ofp; extends from
them. For |Ilgs_,trat_|ve reasons, in the follpwmg dlscusglon,max(%|va+vﬁ|’Vﬁ) top;.
we ignore mixing(i.e., off-diagonal terms in both coupling
and mass matrixand we denote the coupling, mass, and 2 ptv—d or v+ T—1
effective potential byg, m andV, neglecting their flavor _
indices. In the cases that generalization is not straightfor- N vacuum, the processest v—J and v+ v—J are not
ward, we will discuss the relevant steps. Before beginnindineématically allowed. However, in medium, wheke is
the detailed analysis, we should discuss an important concepedative(positive) the process'+ v—J (v+»—J) can oc-
tual point. As we see in Eq18), the dispersion relation for CUr. Let us suppos¥<0 and study the possibility of+ »
neutrinos inside supernovae is different from that in vacuum;~J- Without loss of generality, we can write the four-
and hence some reactions that are kinematically forbidden iffomenta of the initial neutrinos as
vacuum can take place in the supernova core. As we will see,
the decayw— v+ J and the interactiomv—J (or v—vJ and
vv—J depending on the sign of) are kinematically al-

B. The relevant decays and interactions

P1=(p1+V,0,0p1), po=(p2+V,p,sine,0,p,cosb),

for which p;+V and p,+V are both positive. Energy-

lowed. o _ momentum conservation implies that

In addition to these three-point interactions, there are
other interactions that produce Majorons:+ v—J+J and p;=(p1+po+2V,pssind,0p,+ p,cosh).
v+v—J+J; v+v—J+J. As we will see, the effect of the
four-point interactions is negligible. Recalling that we have neglected the effective mass of the

Majoron, the process/(p;)+ v(p,)—J(p;) will be kine-
1L v—v+Jor vov+d matically allowed if and only ifp3=0 or

In medium, if V is negative(positive, the decayr— v 2
+J (v—v+J) is possible. Let us suppose<0; then, with- 1—cosf= — 2V7H2V(p1 1 p2) , (21)
out loss of generality, we can write P1P2
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FIG. 2. Diagramga) and(b) are the dominant three-point pro-
cesses and are possible only %6« 0. Diagramg(c) and(d) are the
subdominant diagrams and can take place for any valué of

which can be satisfied fqu,,p,>|V/.
Neglectingv?/p? effects, forV,+V <0, it can be shown
that the cross section of,v;—J is given by

(Zw)lgaﬁ|

——(p1+ P2)|V .+ V| 8(coso—cosby),
p1p2 1~ U2

(22

wherep; andp, are the momenta of the two initial particles,

¢ is the angle between them, and @dgs1—|V,+Vl(py
+P2)/p1p2-

Similarly, it can be shown that fov,,+V;>0, instead of
v,+vg—J, the process ,+vz—J can take place, with the
cross section again given by E®@2).

3. The procesy+v—J+J]

For reasons that will become clear in a moment, we ana-
lyze v andv as wave packets rather than as plane waves. Let

PHYSICAL REVIEW b7, 073015 (2003

1

1
(2m)° \/ak%S

1
Xf f f(pz)UT(Pz)UzW
( q°-V-g-¢
@@=V [q7rie

2mi M= (2m)*(ig)(2m)*(ig*)

—2m{0(—

+e(q)[1-FF(@") 1}l (g%)?—(g+V)?]

X aov(py) f(py)d3pyd®po+ (kyky),  (23)

where k; and k, are the momenta of the Majorons and

I f(p2)|p2)d3p, and [ f(py)|p1)d3p, represent the states
of the neutrino and antineutrino, respectively. In E2Q3),
g=Kk,—p, and we have considered the matter effects in the
propagator;

FF(a%)=1—1/exd (a°—u)/T]+1}

is the Fermi factor.
For both positive and negati\)é in the vicinity of (IZl

=p;.k,=p,) and (kl— pz,kz p1), there are poles that are
nonintegrable singularities. Without the wave packets, the
total cross section would be divergent. Settimg nonzero
just shifts the pole a little bit and does not solve this problem.
This is because for negatigositive V, the processes
—v+J and v+v—J (v—v+J and v+v—J) can take
place on shell, so the singularity is indeed a physical one.
Essentially, forV<0 the reactionvv—JJ can proceed in
two steps; first,y—vJ, and later, at a completely distant
place,vv—J. In other words, the total cross section has two
parts: (i) a “connected” part; (i) a “disconnected” part
which can be considered as two successive three-point pro-
cesses.

Let us now consider in more detail the relation between
Eqg. (23) and its component three-point processes. For defi-
niteness, we consider the cage.0. We have explained that
the reactionvr— JJ contains a subprocess that factorizes as

fq<3132| vu(Q) I (v(Q)J1|v).

us ignore the neutrino mass for simplicity. Then, calculating

diagram(c) in Fig. 2, we find

—99

(zmwﬁf““ f

q -V—-a-q
X
"2<2w)3f 2|q|

2miM=

X a0 (py) f(py

)ell(P1—Ky) 3= (p -

More explicitly, the factorized amplitude takes the form

(Po)u(py)ell(P2 ko) Ko~ (P16

FF(q0)e 902 Deld 04 5( g0~ V— || d*q

KDX13p, d3p,dx0d 3%, d3%, (24)
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where FF(q%)=1-14exd(q®—w)/T]+1} represents the show that in the vicinity of a singularity the momentum
matter effects. In Eq(24), 7 represents the boundaries on flowing in the propagator is of the order ¢¥| (i.e., |]]

time integrations and therefore it must be very |a@., T :|ﬁ2_|22|~|V|) Therefore, for Scattering ang|es such that
=5/V). We have written the time boundaries explicitly to (q°—v—gq-)/[(q°—V)?—|¢|?]~1N, the phase factor
emphasize the causality conditions. Transferring the ampli {43k, d3k,5*(p; + p,—k,—k;)] is of the order of V|?/p2.

tude forvv—JJ [Eq. (23] from momentep,,p, to coordi-  Thus the total cross section has no strong dependend on
natesx;,Xp, it can be shown that, for the regid®,—xi|  and for general initial momenta the cross section can be es-
>27=10N, these two correspond. Therefore, if the initial timated by Eq.(25).

neutrino and antineutrino are localized at distanRe Here, for simplicity we have dropped the flavor indices

>10N, their interaction rate can be calculated by E24)  but for the more general case the discussion is similar.
instead of Eq(23).

Consider v and v which are localized at distanck 4. The procesy+v—J+J and v+r—J+J

>10N far from each other. We have shown that their inter-

action cross section is given H§d,d,|vrd ) (»dy[))2. So . The discussion obv—JJ andy+v—J+J can be car-
- - Or_|ed out in a similar way. For quasidegenerate neutrino

masses, the amplitude fow— JJ [see diagrantd) in Fig. 2]

cesses. Firstv decays intoJ; and »; then the produced . “7
is given by

neutrino propagates a distan&eand annihilates with the
other v into J,. In other words, to calculate the interaction

probability of two such states, we can consides »J as an 1 D T . .
additional source fors, and consequently the process (2m) AR 5 jffl(pl)ua(pZ)C('gav)('g“/ﬁ)
—J. This can be compared to the more familiar sources of 1he

neutrinos like electron captukg|vv){vnle p*). im(m?+V2+ 02— g5+2G-GV,)

Of course the set of states that are localized at distance
R>10N~10 °R.,. far from one another is not a complete
set. We should also consider the states that are closer and/or X Fo(P)U(P2)d3p1d3py+ (Kyesky) + A, (26)
have overlap with each other. If we rewrite E@3) in X
coordinates, as we did in EQR4), calculation of the ampli-

3 3
tude of two states localized next to each other at distiise V€€ J fl(pl)]pl>d P1 and [ f5(po)|p2)dp, represent
easier. For two such states, the integral [foy— %,| > 10V the initial neutrino statek; andk, are the momenta of the

. o — emitted Majorons, and=Kk,—p,. The term.A summarizes
vanishegbecause of the specific form 6{p,) andf(p2)l. g of the Fermi effects on the propagator. The amplitude for
S0 we can restrict the integration oM&f — X,| to the interval

H 2 2 2 2 2\/2 ;
0_\/|dll= . values ofq for which (q+Vy)2—q0—m ~p1,p3>ma, Ve is
(?’%ONI)' FI(_)r |g aR\Q 1|ocj\|/|>f|v|f/10’ the r?mt[:;]IItUQe for t‘?’? negligible, and the main contribution to the cross 7section
states locaiize ar from each other 1s equal 0 .5 mes from the small solid angle~(V?/p,p,) for which
the amplitude for states with definite momenta, but |fgft (q+V)2—q2—m2<V2
—V—14d||<|V|/10 the amplitude for the two localized states 0 o

is much smaller. This is because in calculation of the ampli- First, let us discuss the procegsye—JJ. In general, for

tude for two states with definite momenta, we encounter af > ™ there are singularities that correspond to an on-shell
_ ) ~ OV d)x ) ' o Vu Orv.. Note that, if; andp, are parallel or make an
integration [,g(x)e dx, which diverges forq angle smaller than-|V,/V |, the singularities disappear. As

—V=[q|—0, but for two states that are localized next to for the casaw— JJ, we can say that, if the initial states are
each — other ~ the  corresponding integration  iS|ocajized at distanc®> 10N, far from each other, the pro-
J5Mg(x)e' @ ~Vlabxgx, which is finite. The total cross sec- cess vv—JJ is equivalent to two successive processes
tion for neutrinos and antineutrinos localized next to each(v,,J|ve) and then(J|ver,(,). This yields a cutoff of
other is then given by an angular integral over the square of /10 for calculating the four-point total cross section. Note
Eg. (23) in which the integration is over all angles exceptthat, althoughv,—J+v, is kinematically allowed Y/,
those for whichlg®—V—|g||<|V|/10. Consider the special <V,), I'(v,—Jw,) is suppressed byng/p, ) and in prac-
case that the sum of the momentavcdindv is zero. Setting  ice will not have any significant effect. )

the cutoff equal to\[V|/10 (\ is an arbitrary number of order For y=e, there is no singularityexcept for the case that

1) for two such particles we obtain one of the Majorons is soft andsv,—J is kinematically
possiblg and therefore no cutoff is needed. The total cross
n( P1P2 ) 10 ET section can be estimated as
(A\V/10)2) * N 4]

XM= a2+ (V,— )2 I[P — Bt (V,+ 9)7]

N lgl*
87pP1P2|v1—v,|

Otot

(29

Oy, t(V V—>\]\]): — 2 |:a. gz
Since we have a preferred franfthe frame of the super- e 01— 02l (2m)%p1p2 o

nova), the total cross section is not Lorentz invariant, and for , m m
2 + 4]
(VM) ( Vﬂllo) b }

eachv andv the total cross section must be calculated inde- +0g,
tineutrino that make a general angle. Then Ed®), (21) (27

gee

pendently. Now consider a pair of a neutrino and an an-
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Similarly, wherep; and p; are the momenta of the Majoron and either
of the final neutrinos, respectively.Fz and F; are the
Fermi factors, reflecting the fact that in the core of the su-

Tiol VeV u(n—J9) = [v1—0,](27)%p1p2 Xl @ GenBpun() pernova some states are occupied by already present neutri-
nos.
m\/ m
t0e0- (7) 2(_) (—) — —
“ V,/\V,/10 7. The processes+J—v+J and v+J—v+J
5 The amplitude forv,+J—v.+J has two singularities in
+b' | gedden(7) (28 thet channel due to, exchange. Using a similar discussion

to that in Sec. IIB 4, it can be shown that these singularities
and may be considered as two successive three-point interactions
(velIv, ) (v, d|ve) and<J|veyﬂ)(7ev.M|J). This yields a cut-

off ~|V,|/10 around the singularity to determine the four-

" ~2 H : . .
Tl Vu(n Vu(n—99) = 7 > (a |gW(7) point interaction. In the case of head-on collision, where the
o105l (27)%P1p, initial particles are within a small solid angle-(V/p)?
2 = — i i itv i
+gw(7)|2+ b"|geﬂ<7)|4), (29 <47 around co®=—1, there is another singularity in tise

channel, which can be considered(agl|v,)(v,|veJ). We

with b, b’, b”, a a’, anda” of order 1. In Ref.[20] recall that any discussion abouf, applies tov, as well,
ouVere—dd) was calculated, ignoringy and the off- becau_se these states are completely eqﬂivalent for supernova
diagonal elements of the coupling matrix. The result agree§volution. The total cross section fog]— veJ can be evalu-
with our estimation in the sense that the term proportional tgt€d as
|ged* is not suppressed by.

The total cross section foru(vz—JJ) is equal to 1 4l e
oo Vavs—3J) on replacingV with (V). 2m201—04lp1Ps F

(32

a +b

2
m
2 212
g + g T ( 2 gee
en Jerl | V2110

5. The processeg+J—v or v+J—v

These processes are the opposite of antineutrino and Neherea~b~1 andEF
trino decay and hence the kinematical conditions are similalrrinal neutrino. A similar discussion holds fogJ— ».J, and
. ev

If VotV is negative(pqsitive the prqcess/aJ—>vB (Ve the corresponding cross section is also of the form of Eq.
—vp) can take place with cross section (32).

is the Fermi blocking factor for the

The processesy,+J—ve+J, vetJ—v,+J, v,+J

o= (2m) |ga5|2 [Vat Vgl F(F_)(p+q) —vet+J, andve+J—v,+J also have singularities in the
4pqlvy—vy| p B channel due ta’,, exchange and can be considered as two
X 8(cosH— cosfy) (30) successive three-point processes. Following the same discus-
0/

sion as in Secs. [I1B3 and II B 4, we use the cutoef¥/,,/10
to evaluate the cross section for the four-point interactions.

wherep and g are the momenta of the initial neutrino and i
P d The cross sections of these processes have the form

Majoron, respectively. 6 is the angle between the two ini-
tial states and

1 m2

a + Je, 2(—>

cosfp=—1+ W_ (277)2|01—U2|p1p2{ 9euun™ Gerun Vi/lo

pq
+b|geele,| ?|FF, (33
F(_)(p+q) is the Fermi factor for the final state. eesen
B

6. The Majoron decay &»v+v or JI-v+v wherea~b~1 andFF is the Fermi blocking factor for the

final neutrinos. The processegJ— v.J andv.J—v,J can
also have singularities in the channel only if the initial
particles are almost parallel, i.e., if their relative angle re-
sides within a small solid angle (V/p)?<4 around 180°.
We can safely neglect such states.

For the process,J—v,J, there is no singularity and it is
straightforward to show that the cross section is of the form

The decayl— vv (J—vv) is the opposite of the interac-
tion vv—J (vv—J) and therefore the kinematics are simi-
lar.

For V,+Vg<0 (V,+V;z>0), the Majoron can decay
into v, +vg (7_a+7ﬁ) and the decay rate up to &(/p;)?
correction is given by

|ga[3|2 |Va+VB| Pi F =
dF:WTL Fa(Pr)Fg(Pi—prdps,

2 2
(3D) (2m)%Jv1=v2lPap2 (ag,.+ 95l 010l (39

073015-7



YASAMAN FARZAN PHYSICAL REVIEW D 67, 073015(2003

8. The processeg+J—v+J and v+JI—v+J their energy as they travel outside, warming up the core. This

In general, the process+J— v+J has a singularity in  €N€rgy can revive the s_hocﬂtn fact, this mechanism is con-
thet channel. With a similar discussion as in Sec. Il B3, wetroversial[22], but we will not use the shock revival mecha-
can show that this singularity can be evaluated as two sudliSm for our calculations. Most of our calculations are re-
cessive three-point interactiofd|vv)(vv|J) resulting in a  !ateéd to the inner core, which is free of these controversies.
cutoff of the order ofV/10 for evaluation of the four-point 1 h€ temperature in the outer core increases to 40 MeV; ac-
interactions. Using this cutoff, the cross section is of thetu@lly, the outer core and the neutrino sphere become warmer
order of than the center. At the outer core, neutrinos of each tyge (

Ve, Yy, Yy, Vr, andy,) are present. These neutrinos escape
lg|* pP1p2 the star and deplete its binding enerfi,=(1.5-4.5)
5 > )FF, (39  x10% erg[18]].
(2m)°|vy—v,lp1p2 | V100 9 .
Two kinds of “upper” bounds can be imposed on the
whereFF is the Fermi blocking factor for the final neutrino. neutrino-Majoron couplings by studying supernova evolu-

If the initial particles undergo a head-on collisippe.,  tion.
they are within a small solid angle(V/p)? around 180F (1) If the coupling constant is too large, the procegs
there will be another singularity in thechannel which can —J+ve, during the infall stage, deleptonizes the core and
be considered aévJ|7)(v|»J). The processy+J—v+J according to the model7] a successful explosion cannot
has one singularity which can be evaluated (@gJv) occur. This bound was correctly studied[it¥,15 and the
X(Jv|v). Again, the cross section is of the form of Eg5).  result isgee=2x10"°.

(2) If the coupling is nonzero, Majorons can be produced
Ill. SUPERNOVA CORE WITHOUT MAJORONS inside_the inner core and can escape freely from_ the star,
depleting the binding energy. The observed neutrino pulse

The dynamics of a supernova explosion is described in rom SN 1987a coincides with that predicted by current su-
number of articles and book®.g.,[22]). Here we review pernova models. This means that the energy carried away by
only the aspects of the supernova explosion that are relevaMajorons (or any other exotic particl¢sshould be smaller
for our calculations. than the binding energy. The Majoron luminosiy as large

Very massive stars¢{>8M), at the end of their life- as 13° erg/s could significantly affect the neutrino pulse.
time, develop a degenerate core with a mass arounttt.5 Here, we will take £;<3x10°° erg/s as a conservative
made up of iron-group elements. As the outer layer burns, imaximum allowed value. This gives an upper bound on the
deposits more iron that adds to the mass of the core. Everoupling constants.
tually the core reaches its Chandrasekhar limit, at which the If the coupling of Majorons is larger than a “lower
Fermi pressure of the electron gas inside the core canndiound,” the Majorons will be trapped so strongly that their
support the gravitational pressure, and the star collapses. Theminosity will be small. We will discuss this case later.
collapse forces nuclei to absorb the electrons eiatp Let us review the characteristics of the core. The inner
—n+v.. At the early stages, the producegd can escape core R<Rj,ner~10km) to a good approximation is homo-
from the core but, eventually, the core becomes so dense thgeneous. The density in the inner core is around 5
even neutrinos are trapped. The layer beyond which neutrix 10*4 g/cn®. The distributions of all types of neutrinos fol-
nos can escape without scattering is called the “neutrindow the Fermi-Dirac formula withT;,,e~10—30 MeV and
sphere.” different chemical potentialf28,29. As mentioned earlier,

As the density of the central core reaches nuclear densitshe chemical potential for, is around 200 MeV. So inside
(p=3x 10" g/cn?), a shock wave builds up which propa- the inner corev, is degenerate while the density of is
gates outward. We will refer to the preshock stage as theegligible (7= — m, ,=—200 MeV). The suppression of

infall stage. This stage takes only around 0.1 s. As the shocie density ofi, is due to absorption on electrons. In the first

wave reaches the neutrino sphere, it dissociates the hea‘é)bproximation, the chemical potentials for and7 . are
nuclei. The dissociation has three different resultsit con-  equal to zero. In Ref[30], it is shown thz;t, because the

sumes the energy of the shock, so that the shock eventualyieractions ofv, and v, with matter are slightly stronger
stalls; (2) it allows neutrinos to escape more €asil$) it than the interactions af, andv,, their chemical potentials
liberates protons that interact with the electrons present igecome nonzero: u, /T=p, IT=5T/m,<1. We will ne-

N V”‘ VT *

the star @ +p—n+ ve), giving rise to the famous “prompt lect and in our analysis. In fact the large uncer-
v burst.” The promptv, burst deleptonizes the star but car- 3'€Ct #», @Nd 4, 1N our analysis. 9
ries only a few percent of the total energy. tainty in the determination of the temperature affects our

The stalled shock should regain its energy. Otherwise, it€Sults more dramatically. The presenceuoin supernovae
cannot propagate further and give rise to the spectacular fir&an break the equivalence of, and »,. However, we ne-
works. According to the models, this energy is provided bydlect this effect and treat, and v in exactly the same way.

v, diffusing from the inner core to outside. The densitygf [N Table I, we show the values df, andV, (=V,) at
inside the inner core is very high. The corresponding Fermflifferent instants after the bounce inside the inner core. The
energy is~200 MeV while the temperature is only around values ofY andY,_are taken from Ref.28].

10 MeV. At the beginning the temperature of the neutrino  Outside the inner coreRipner~ 10 KM<R<Ry i~ 15 km,
sphere is around 20 MeV. So the diffused neutrinos leavéhe density ofve is much lower,u, /T=<1, but instead the

In
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TABLE I. The values of the effective potentials at different dy, 92 Ve
instants after bounce without Majoron production. ——=—2TY,=—-22"Cy | (37)
dt Ve 8w e
t V V,=V
© e (V) p=Vr @Y) where we have used the fact tha;g<nye. We know that the
0 2.3 -11.7 core is ing equilibrium. Since the rate of the interaction is
0.5 1 —12.3 faster than ' [(rate of B  interactiongl’
1 -03 -12.8 ~ 487G T?/geVel and at equilibrium the density of
15 -1 -131 electrons is one order of magnitude larger than that of neu-

trinos, we expect that the densities of the neutrinos are not
affected by Majoron production. In other words, the Fermi
energy,u,,, and Y, are still given by Ref[28]. However,

gdeleptonization by Majoron emission can affétt dramati-
cally because different terms W, (3Y_ +Y,—1)/2 cancel
each other Y, <Y =0.3). Therefore, in the presence of Ma-
joron emissiony/, vanishes faster. Let us evaluate the maxi-
mum energy that can be carried away by Majorons through
ve— ve+J in the stage wherV, is positive. To have an

density ofv, is higher than in the inner core. In fact, in the
outer core Ripner<R<R,,), thermal equilibrium for neutri-
nos is only an approximation. To evaluate the role of th
outer core in Majoron production, we Sﬁt,,e:,u,,ﬂ:/J,VT
=0. The density in the outer core drops fronx 50'* to 5

X 10 g/cn?. The temperature in the outer core drops
abruptly [28] such thatT(R=Rjyne) =35 MeV while T(R

=Rgu) ~2 MeV. LS :

Different models predict different values for parameters;esumaﬂon’ we can approximate
e.g., the predictions of different classes of modelsTQfe, dV,
vary from 10 to 30 MeV[29]. Moreover, the production of o —bVe—a, (39)
Majorons can distort the density distributions. Considering
these uncertainties, the simplified model that we have inynere
voked is justified. With this approach, we will be able to
examine the prediction of all models for the Majoron lumi- 3 p
nosity. b=\f28—WGFM—N|9ee|2YV

IV. BOUNDS ON COUPLING CONSTANTS and a reflects the deleptonization effect without Majoron

emission. According to Table h=2.6 eV/s. If we neglect

In this section we explore the role of Majorons in the o \ariation ofY,, p, anda with time, we conclude that

cooling of the supernova core. In Sec. IV A, we derive an
upper bound ohg.d assuming the produced Majorons leave a
the core without being trapped. In Sec. IV B, we derive upper Ve(t)= ( Ve(0)+ b
bounds ong,,, 9,;, 9ue, andg,e, again assuming Ma-

jorons leave the core immed_iately after production. In Secg, that, aftert;=(1/b) X In[VL(O)b/a+1], V, vanishes. The
IV C, we show that, for couplings lower than the bounds Weenergy carried away by Majorons up tp can be approxi-
have derived, the four-point interactions are negligible. In o:0q a5

Sec. IV D, we derive the limits above which Majorons be-
come trapped. 2 4

e*b’[

b ’

e 12

Ev 0= 2= X 4/37R>
A. Bounds on|g.d Yem? 1202m) e

As represented in Table |, immediately after the bounce, « Ve(0) a nVe(O)b+a
V. is positive, but eventually/, decreases and becomes b b? a
negative, whilev,, andV, are negative from the beginning.
As long as V>0, the interactionsve—7e+J and v,  FOrgee=10', Ey_-o converges to & 10° erg. Increasing
—v,n+J are kinematically allowed but the latter is sup- g, increasesC;, but, on the other hand/, vanishes in a
pressed by a factor ofnf/p)?<10~'%. So we will consider  shorter period. It is easy to show that, for any valuegf,
only the interaction

(39

Ey -0<4Xx10°! erg<E,.
Ve— Vet J. €

. ) Therefore the energy loss at this stage does not affect the
This interaction depletes the energy of the core at a rate 45 evolution and hence we do not obtain any bound.

As shown in Table I, about one second after the core
bounceV, turns negative. As we discussed earlier, in the
presence of neutrino dec&f, changes its sign even faster. In
a medium with negative/,, the decayv.— ve+J is not
We should note that this interaction not only carries energykinematically allowed and instead— v.+J can take place.
away but also deleptonizes the core: However, we know that, in the inner core, the density of

|Ged zveﬂie 3
EJ:W X (4137 R nep - (36
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electron antineutrinos is quite lowu( ~ —200 MeV while ~ cessega) and(b) can distort the distribution of matter inside
T~10 MeV), so this interaction wil neot have any role in the the star. However, that calculation is beyond the scope of this

cooling of the inner core. In such a medium, energy will bePaper. But we can argue that it is a good approxir'nat.ion,. for
carried away by the process the purpose of computing upper bounds, to use distributions

with vanishing chemical potentials for, and v, [28]. For
Vet ve—J. (40 simplicity we rotate ¢,,»,) to a basis such tha,,=0.
Note that, since the chem|cal potential is diagonal ahd

In previous literature the possibility of this interaction was =v_, it will be invariant under this rotation. In the new
not discussed. The interactio@0) diminishes the lepton pasis, we can write, for the inner core,

number by two units. Again, we see tha,te andYVe will not

be much affected by this process, but thatwill decrease dnvﬂ drUM _

faster. In contrast to the previous case, a faster decredge of  ~q¢ ~ gt 2[ratgv,—v,+J)—ratgv,v,—J)]

is a positive feedback for the process and leads to the energy

depletion. The energy carried away from the inner core via —ratgv,ve—J), (43

the process in Eq40) is now

. where we have neglectedy— JJ interactions. The sum of

7 ) v, the chemical potentials fow, and v, must be zero,u
EJ:1_2|gee| |Ve| (277 3 77'Rmner) (41) EILLVM: —,u,jﬂ; therefore,
To evaluate a conservative upper bound|ggl, we set _ A p*dp
Vel equal to 0.3 eV, =200 MeV, andR=10 km; then, M=) @m)3 e miT g
4 .
R 3 v My erg while
_ 2 6 inner e e R
£a=2]ged* ¥ 107 15 km) (0.3 eV) 200 Mev) s 4r pip
: = : 44
Around one second after the core bounce, the total neutrino M=) @m)3 e Ty 44
luminosity £, is about 5<10° erg/s. So the conditior,
<3x%10° erg/s yields the conservative bound We expect that for small values fif,, 5| the chemical poten-
5 tial remains small. Let us suppo$g/T|<1 to solve Eq.
o Riner | 2% Ve \ T (43); then we can determine whether this assumption is valid
<4x10° <
|gee| 4X10 10 km 0.3 eV 200 MeV, or not. FOI’lM/T|<l,
(42) 4T3
In Ref.[14], a bound on|g.d is obtained by studying the n, = (277)3(1'8+ 1.64u/T),
energy loss viav,— v.+J which mainly takes place in the
outer core,Rippe=10 kKM<R<R,,=20 km. The result is n, =[47T3/(2m)%](1.8—1.64u/T),
L(ve— ve+J)=fewx 10°4g.4? erg/s. So the conservative o
bound  L(ve—ve+J)<3x107%erg/s implies |ged <4  and we can rewrite the right hand side of E4@) as
X108, The bound in Eq(42) is one order of magnitude
stronger because the total numberwgfin the inner core is 19,2V, | T3
very high. In Ref.[15], a bound is imposed due to the pro- R 10.12-3.28u/T—(0.34
cesseww+rv—J+J and v—v+J (v denotes both neutrino 2(2m)
and antineutrinp However, the energy carried away is over- 2 >
estimated due to an improper treatment of the three-point +0.25u/T) |9eu| |Vu+Ve| Ve (45)
subprocesses. We will elaborate on the v—J+J process 9, IV T?
in Sec. IVB.

Whel’e,u,,e is the chemical potential of the electron neutrinos.
B. Bounds on|g,,| and |g,| Inside the supernova core, neutrinos and matter are in ther-
mal equilibrium, and since the energy density of matter is
much higher, we expect that the rate of thermal change due
to these processes is small:
@ vy, tv,.—Jd, v, Tve—J dT‘
Tdf

In th|§ subsection we discuss the processes mvol\umg
and/or v ,. These processes include

E,dn, /dt‘ dn,,
<
Eb/volume\ n #dt

and

(b) 7# _’\]"'Ve,u,r-

So dn, /dt—dn; /dt=87T%/(2m)*X 1.64d(u/T)/dt. On

The process, .—J+ v, can take place only in the outer the other hand, for this estimation we can neglect the varia-
core where electron neutrinos are not degenerate. Both préion in V,=v2Ggng(Ye—1)/2. Also, since the density
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of ve is much higher than that of,, we can neglect the

variation of u,, . Therefore, Eq(45) tells us thatu/T con-

verges to
/ (3.28

2

2
Vet V| Mo,
o.12—o.34—|ge"|2—| aadl —
19uul® IVl T

2

2 |Vo+V | M,

+025|ge,u|2 | e ,u.| —
9uul® IV T

Now, it is easy to show that, forlde,|*/|,,.|?) ><(,u§e/T2)

<37, |u/T| remains small regardless of the values @f,|
or [g,,| themselves. Folge,|>6[9,,|T/w,,, [u/T| di-

verges to values larger than 1 and the above analysis is not

longer correctremember that we had assunjedT|<1). In
this case, v, will disappear

after
~[(|geM|2/10077)Vw,u,§e/T2]’1 but, on the other hand, the

density ofv,, will increase(the chemical potential becomes

PHYSICAL REVIEW b7, 073015 (2003

10 km) 8/2

JaFr g <sx107| 5
Inner

200 Me 3’2( 20 MeV)l’2
X
My Tinner

e

10 e\/) 1/2
X : (50)
Vi

We emphasize again that the above results are valid only

assuming that|geﬂ,u,,e/gWT|2<37 and |9eTMVe/9nT|2
<37. Otherwise, thev, annihilation will stall because
v, (- IS depleted. Meanwhile, the energy carried away due to
v,(» annihilation is of the order of

lgeal?, o)
1007 Vi T2 ~10* erg<E,

[,( Ve+ VM(T)—>J)(

~10% erg.

negative and this calls for recalculation of the density dis- SOL(ve+ v,(»—J) does not impose any bound to ( )|
(7, (7))l

tributions. We can make a similar discussion fqr. Let us

suppose|ge,|<6(9,,|T/u,, and |ge,|<6|g.|T/u, and
continue from here.

On the other hand, since the density ©f,) grows, the

processL(v,,,— v,(»J) Will even become intensified and

we expect that Eq(49) will still be a conservative bound.

Now let us evaluate the Majoron luminosity using the For (|geM|2/|g,m|2)><(#36/T2)>37: the upper bound on

distributions given if28]. Neglecting the Majoron emission

from the outer core, we find

3
inner

~ _ _ nner -4
=3 02me "

L(v,+ VB_>J Innellga,8|2(|va+vﬁ|) (46)

and

3
Inner

£(7Q—> VEJ) = ? WTﬁmerl ga/3|2(|va+ Vﬁl )’
(47

where by« and 8 we denotew or 7. On the other hand,

3
inner

L(vat vem )= g5 57 1Guel “(Vat Vel (024, Tinne)-
(48)

Note that, even ify,. is large, the process/{,— v,+J), in
the inner core, is suppressed by a factor of [€Kpe,
—,uye)/Tmner] because inside the stag is degenerate.

Then, the requirement<3x 10°3 erg/s implies

E ) 7( 10 e\/)l/Z
Lal2=8x1077| ——
V.. 9! v,

" 20 Mev)2(1o km)3/2

(49

Tinner Rinner

and

|ge,| is imposed byv, decay in the outer core. Using the
distributions in Ref[28], we can show that

L(V,y(n— I+ ve) =fewx|ge, > X 10°* ergls, (51)
which implies
|Depl,|es <fewx 107C. (52)

In Figs. 3 and 4, all these bounds are schematically depicted
for Tine/= 10 and 20 MeV, respectively. The shadowed area
represents the range of parameters for whi€h<3
X 10°° erg/s. As shown in Fig. 4, fof =20 MeV, the pro-
cessve+v,—J does not impose any bound ¢g.,| be-
cause, for any value dge,| smaller '[han\/:%_7|gM|T/,uVe

(where|g,,| is below its upper boundt cannot give rise to
a Majoron luminosity larger than the allowed value.

C. Four-point interactions

In this subsection we discuss the process¢s—J+J
andv+v—J+J. As discussed in Secs. IIB3 and 11B 4, we
consider only the intrinsically connected contributions; the
effects of three-particle subprocesses subtracted. Using the
distributions in Ref[28] and the formulas we found in Sec.

IIB 3, we obtain

o MieT%ner
L(ve+ V“(T)—>J+J)~ (ZT)A

4
? Rier‘mer)
2

X 2 geagZ(T)a (53

and

073015-11



YASAMAN FARZAN

i |

FTT

T TTTI

Lol | BRI
-7
10

10~6 1073 104

FIG. 3. The bounds on coupling constants Tor 10 MeV and

#,, =200 MeV. The shaded area is excluded by energy loss co

siderations. The horizontal and vertical lines at 80 ¢ and 3
X 1078 represent the upper bounds obtained in E§8) and (49),

respectively. The dashed lines show the limits above which Ma-
jorons with energy~10 MeV scatter before leaving the core. The
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10~6
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1073 104

FIG. 4. The bounds on coupling constants Tor 20 MeV and
v, = 200 MeV. The shaded area is excluded by energy loss con-
siderations. The horizontal and vertical lines at>41® ® and 8
X107 represent the upper bounds obtained in E§8) and (49),
respectively. The dashed lines show the limits above which Ma-
orons with energy~10 MeV scatter before leaving the core. The

dotted lines represent the same limits for Majorons with energyfotted lines represent the same limits for Majorons with energy
~200 MeV[see Eqs(62), (63)]. The dot-dashed line schematically ~200 MeV[see Eqgs(62), (63)]. The dot-dashed line schematically

represents the “lower

numerical value of the lower bound, but this is an estimate for

gee=0. Note that the energies of Majorons produced vjgv,
—J andv,—Jv, are of the order of 10 MeV, that is why the

“lower” bound can be to the left of the vertical dotted line. The

values inside the notctabove the horizontal line at¥10™ ") are

excluded because of,v.—J [see Eq(50) and its discussioh
— Tﬁmer 4 3
ﬁ(vu(r)+vu(7)_)‘3+‘])~(2w)4 "3 Minner

2

X . (59

*
2 g/.L(’T)ag,u(T)a
23

In the above equationg; runs over{e, s, 7}. Using the dis-
tributions in Ref.[28] and the formulas we found in Sec.
IIB 4, we obtain

|

(55

2+b

[,(Ve'f' Ve—h]'f'\]): (ZT)S ggﬂ—'_ggT Jeg

a A

VM/lO
4T

X 3 Rﬁmer) Miev

3 T2
) MveTinner

A R3
3 ) (2m)8

L(vetvyn—I+I)= 3 a'|GenYpupu(n)

m2

227
V2/10

+ Je-9 T(T)

(56)

+b’ geege,u(r)

" bound. We have not calculated the exacf€Presents the “lower” bound. We have not calculated the exact

numerical value of the lower bound, but this is an estimate for
Jee=0. Note that the energies of Majorons produced vjgv,,

—J andv,—Jv, are of the order of 10 MeV, that is why the
“lower” bound can be to the left of the vertical dotted line.

and
L(vy+vg—=I+d)~L(v,+vs—I+])

{

+g,12L,LL(T)|2+bH|ge;L(T)|2)1

T

3 inner
inner ( 2 7T) 6

4

3

2
(a”|guﬂ(f)

(57)

where m is the neutrino mass for quasidegenerate mass
schemes. Ifg, 4| is smaller than the “upper” bounds in Egs.
(42), (49), (52), the above luminosities are negligible. These
luminosities become non-negligible only if the couplings are
larger than 10° so they do not change the “upper” bounds.
Equationg53)—(56) depend on combinations of couplings so
in general it is rather difficult to compare them with the
Majoron luminosity due to three-point processes., £(v,
—Jvg), L(v,vg—J)]. Let us suppose that all elements are
zero except for a particulay,z. Then, Eqs(46), (47), (54),

(56) imply that for|g,,,|<5X 102 the three-point processes
are dominant. If all couplings byy.d are zero, Eqs(41)

and (55) show that, as long a$ged <10 3, veve—J is
dominant. Comparing Eq$53) and (55) with Eq. (51) re-
veals that as long dg,| <10 * the process, — v,J domi-
nates. We note that, for coupling constants of the order of the
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“lower” bound (for which the produced Majorons are ) - |98e|2 0.7T
trapped, the four-point processes can play a significant role. (vt d—ve) == T(|V’B+ Vel), (64
D. Majoron decay and scattering whereq is the energy of and« and B are eitheru or 7. The

- 71 71 - -
So far we have assumed that Majorons leave the star witf€duirement ~=>R"= implies that

out undergoing any interaction or decay. Now we discuss the q 12/ 200 MeV/ 2
validity of this assumption. First, let us discuss the possibil- |ged =6X 10‘6( ) \/)
ity of decay.(Note that, although Majorons are massless par- 10 MeV Mg
ticles, in a medium such as a supernova, in principle, they 0.3 eW 12
can decay.For o,8e{u, 1}, X '|V | ,
el
|9l *(IVat Vi)
P[I(Q) = vt vg)= " —"=(0.8-0.27, | q )1/2 200 MeV,
_ _
(58) |ge,u|v|ger|~2><lo 10 MeV Mye

where 0.8 and 0.27 correspondd6T =10 and 0.1, respec-
tively. So the Majorons decay before leaving the cake ( X
>1/R) only if

10 eV|?
|VM|\/) '

|g,u;;|:|gw|,\@|gm|24>< 1076.

_ and
|9apl=107°. (59

Because of degeneracy of the inner core, only the ener-
getic Majorons (E;—u, |/T=1) can decay into electron |n the last case, the bound is derived fp=10 MeV, T

neutrinos[see Eq.{31)]. It can be shown that =10 MeV, and|V,|=10 eV. Note that these bounds are de-

Tlged?V rived for the parameters inside the inner core. In the outer

T[I(0> 2, )— v+ ve] ~ Ye e core,u,,_is m.uch §maller and therefore t.he mean free path is

e AT, much larger, i.e., in the outer core neutrinos can escape more

easily. Apparently if the coupling constants are smaller than
and the bounds in Eq942), (49), (50), Majorons will leave the

10ud2IVo+ V| star core before undergoing any interaction. For
TLI(G> ) — Vet v,]~ Ye 8; N 6|9W|(T/Mye)<|ge#|~2>< 10" %, although the Majorons

produced in the outer core escape immedidtedgalling that
the bound in Eq(52) is extracted by studying the process
v,—vetJ in the outer corg the interaction of Majoron
|0e,|>7%x10"% and/or |ged >5x10°. (60)  Particles withve in the inner core is not negligible.

For larger values of coupling, Majorons may become
Majorons that are produced in the center will decay befordrapped or decay before leaving the star and the energy trans-
leaving the core. Note that, even beyond the neutrino spheréer by Majoron emission will become harder, but this does
as long asV| is large enough, Majoron decay can take placenot mean that Majoron production does not affect the super-
Now let us examine the interaction effect. For low values ofnova evolution. To calculate the exact effect and to extract
coupling constants, the dominant interactions arerJ lower bounds on coupling constants, one needs to revisit the

—v) with the mean free path matter distribution and its time evolution including the effect
of energy transfer by Majorons. That is beyond the scope of

B | ged? Mo, this paper. Here, we have discussed only the dominant inter-

" (vet I-ve)= A g |Vel, (61)  action modes for larger values of the coupling constants. We

recall that for|g|=5x10"* the effective mass of the Ma-

- |9e5|2 |Ve+vﬁ| T4 1 joron becomes non-negligible.
™Y pet+I— vg)= 8r a | M In —q,—) ,
77 q € (62) V. CONCLUSIONS AND DISCUSSIONS
’ We have explored the energy loss from the inner core due
=Yyt I—7) = |9Ba| £(|V +V,)) to emission of Majorons. We found that at early instants after
B @ 8g q B e the shock bouncet&1 s) whenV, is positive, although the
decayv.— v +J takes place, the period is too short to have
% Te"[a/T+In2—In(e"T+1)] significant energy transfer, and therefore the energy loss due
e¥T-1 ' to v¢— v+ J does not imply any bound dg.. In the next
(63 period t>1s) whenV.<0, neutrino decay is no Ignger ki-
nematically allowed, and instead the two processes v,
and +J andv.+ v,—J can take place. Since the densityiQfis
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much higher in the inner core, the processt v.—J im-  form of the interactiorisee Eq(2)], using the relation given
plies a stronger bound. We found tHatd <10 [see Eq. in Eq. (6).
(42)] if the emitted Majoron leaves the core immediately We also studied Majoron decay and the interactions that
after production. We found that fgg|<10~’ the effect of can trap Majorons. We found that the processes-J
four-point processesvt+ ve—J+J and vet+ ve—J+J) is  —ve, vetI—v, ., andv, +J—v, . may have signifi-
negligible. We believe that previous treatments of the reaceant  effect  ["'> Rcore) onIy if |ged >6
tion (e.g.,[15)) did not correctly subtract the three-particle X 10 5(q/10 MeV)™2,  |ge,(»|>2x10%(q/10 MeV)*?,
subprocesses. and g, (n u(n| >4X% 108, respectively. If the coupling of
We have also studied the bounds on coupling of the MaMajorons to neutrinos is larger than these limits, the Ma-
joron to the muon(tau) neutrino. In the basis in which,,  jorons cannot leave the core immediately. However, the pro-
=0 [sincev, andv, are equivalent for supernova processescesses involving the Majoron still affect the evolution of su-
we can always rotatei(,v,) to a new basis 1(;,1/,") for  pernovae, transferring energy from the inner core and
which vt =0] we found the following results. For distorting the density distribution of the particles. If the cou-
5 2 plings of Majorons are larger than some lower bounds, the
|G /|g’“‘| XM”/T <37, the_grocesses —vutJ and only Majoron particles that can leave the core and cool it
v, +v,—J imply |9 |<8><710 [see Eq.(49)] Wh'le Ve  down are those produced for diffused intg a shell close to
- Vi =3 glves|geﬂ|<5>< 10" " [see Eq(50)], providing the  {he neytrino sphere where the density decreases rapidly with
emitted Majorons leave thezcore v;nthout belzng trapped Ofncreasing radius. In this region the density is too low to give
undergoing decay. Fofge,|*/[g,,l"¥ (Mye)/T =37, We yise to a significant Majoron fluk.e., £;<L£,). We empha-
showed that the procesg+ v,—J eats upv,, within a short  size that to derive the lower bounds it is not sufficient to
period(leading to a negative chem|cal potential fgy) such  consider the coupling constants collectively. For example, if
that the bound fromv+ v, —J no longer applies. However, [ge,|>5X% 1075, the Majorons produced vige+ ve—J can

in this case, the density af, increases /(r ="K, be-  annihilate with another, into v, before escaping the core.
comes positiveand the bound ong,,,| [Eq. (49)] still ap- To derive the lower bounds, one must recalculate the den-
plies (actually it will be a conservative opeFor |ge,| S and temperature profiles of matter, neutrinos, and Ma-

>|9,,/V37T/u, , the v, v, decay in the outer coréwhere joron particles, which, in general, are different from those
ML v

calculated so far without including Majoron processes. Here,
<
'“”e/T 1) imposes the strongest bound m*" which is we have discussed and evaluated only the four-point interac-

— 6 i . . .
|geul<fewx 107", These upper bounds are schematicallytions, which for large values of coupling constants may have
summarized in Figs. 3 and 4. Note that the bound$gd  significant effect.

and|g.,| are exactly the same as those|an | and|ge,|,
respectively. The bounds are parametrized in terms of super-
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