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Abstract

We explore the role of Majoron (J) emission in the supernova cooling process, as a
source of upper bound on the neutrino-Majoron coupling. We show that the strongest
upper bound on the coupling to v, comes from the v.v, — J process in the core of a
supernova. We also find bounds on diagonal couplings of the Majoron to v,,;yv,(r) and
on off-diagonal vev,,(;) couplings in various regions of the parameter space. We discuss
the evaluation of cross-section for four-particle interactions (vv — JJ and vJ — v.J).
We show that these are typically dominated by three-particle sub-processes and do not

give new independent constraints.

1 Introduction

The solar and atmospheric neutrino observations provide a strong evidence in favor of neu-

trinos being massive. These experiments are sensitive only to mass squared differences [,

*Work supported, in part, by U. S. Department of Energy under contract DE-AC03-76SF00515.


http://arXiv.org/abs/hep-ph/0211375

on the other hand, the overall mass scale of neutrinos is strongly constrained by the Troitsk
and Mainz experiments [fJ]. Combining these pieces of information, we conclude that the
masses of the three active neutrinos are very small. Among the plausible and economic
models which are developed to give a tiny mass to neutrinos are Majoron models [B, fl]. In
these models, additional Higgs boson(s) are introduced such that their vacuum expectation
values break the exact B—L symmetry of the model. The Goldstone boson associated with
this symmetry breaking is called the Majoron particle, J.

In principle, Majoron particles can interact with matter —electrons, nuclei and photons.
However the cooling of red giant stars provides a strong bound on these interactions [{].
Hereafter, we will assume that Majorons can only interact with neutrinos. In the literature,

two types of Majoron interaction have been studied:
1 T * T *
Lint = 57 (90500285 + 905P50225) (1)

and
Lint = hap®!.5.(0J)®s, (2)

where J is the Majoron field, ®3 is a two-component representation of neutrino of flavor 3,
Jap and hag are 3x 3 coupling matrices. The matrix h,g is Hermitian while g,z is a symmetric
matrix. In the model [[J], for a range of parameters, the interactions can be described by Eq.
(M) ( see the appendix of Ref. [d]). In this paper, we will use this form of the interaction
however, as we will see later, in the most cases our results apply for both forms. Also, we
will not assume any special condition on the diagonal or off-diagonal elements of g,z. Since
we have chosen a general approach, our results apply to any massless scalar field which has
an interaction of the form given by Eq. ([), independent of underlying model for it.
Majoron models are also interesting from astrophysical point of view because, they pro-
vide the only mechanism for fast neutrino decay which has not yet been excluded ([[]] and the
references therein). The role of neutrino decay in the solar [§] and atmospheric [f] neutrino
fluxes has been extensively studied. The possibility of explaining the anomalies by pure
neutrino decay is excluded. In Ref. [[J], decay of solar neutrinos along with oscillation has

been discussed and, for a normal hierarchical neutrino mass scheme, it has been found that
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In Ref. [Ld], the different aspects and consequences of decay of neutrinos emitted by

supernovae, have been studied. Future supernova observations can provide strong bounds



on (or evidence for) neutrino decay and consequently on the Majoron coupling, provided
that the uncertainties in supernova models are resolved.

If Majorons are coupled to neutrinos strongly enough, they can show up in ((-decay
experiments, changing the spectrum of the final electrons. Non-observation of such an effect

imposes a strong bound on the coupling constant [LJ]:
|gee| < 3 x 107°.

Also, no sign of Majoron particles has been observed in the pion and kaon decays and
therefore [[3J]:

Y gal?<3%x107° and Y [gul* <24 x 1074

l=e,u,7 l=e,u,

The strongest bounds on neutrino-Majoron coupling are obtained by studying the role
of these particles in a supernova explosion. In fact, three types of bounds are obtained:
i) Deleptonization: if the coupling, |gee| is too large, Majoron emission can reduce the lepton

number of the core of supernova, preventing the emission of the intense observable photon
flux. In [I4, [3, L6, [7 this effect has been studied; the result is

|gee] < 2 x 107°.

This bound strongly depends on the details of supernova explosion model.

ii) Spectrum distortion: the production and absorption of the Majoron particle can affect
the spectrum of the observed neutrino flux from a supernova explosion. This effect has been
studied in Refs. [I[7, [3] and the result is

lg11| = |ZU;1U519a5| <107
a’ﬁ

This result suffers from the low statistics of the SN1987a data and can be improved by future
supernova observations.
iii) Energy loss: according to [I§], the binding energy of a supernova core is Ej = (1.5 —
4.5) x 10% erg, which coincides very well with the energy emitted by SN1987a in 1-10 sec
in the form of neutrinos. Hence the power carried away by any exotic particle such as
Majoron cannot be larger than ~ 10 erg/sec. This imposes strong bounds on the coupling
of Majorons. The effect of energy transfer due to Majoron emission has been studied in a
number of papers [[4, 3, @, 19, BJ].

In the presence of the matter effects, a number of three-point processes that are kinemat-

ically forbidden in vacuum become allowed. For example, neutrino decay becomes possible



even in the absence of neutrino masses. Also, neutrino annihilation into the massless Ma-
joron, vv — J, becomes kinematically allowed. The latter process has not been taken into
account in the previous studies. We will see that this is actually the dominant process con-
tributing to energy loss in a supernova explosion. Previous studies must be reconsidered to
take this effect into account.

In addition, the previous papers either considered only g.. or studied the Majoron cou-
plings collectively without attention to the interplay of diagonal and off-diagonal couplings.
In this paper, we study the effect of Majoron emission in the cooling process of supernova
core considering all the relevant processes. We find that even for very small values of cou-
pling, interplay of different processes may change the neutrino densities inside the supernova,
evading the bounds that would be valid without this effect.

If the couplings are larger than some “lower” bounds, Majorons will be so strongly
trapped inside supernova that cannot give rise to significant luminosity. Note that these
“lower” bounds should be much larger than the limits that Majorons start to become trapped.
For such large values of coupling, Majoron production can completely change the density
profile of the core by transferring energy between different layers and by changing lepton
numbers. In this paper we discuss Majoron decay and all other processes which prevent the
energy transfer by Majoron particles and derive the limits on coupling constants above which
the produced Majoron cannot leave the core without undergoing scattering or decay. We do
not attempt to impose any “lower” bound on the coupling constants, because for large values
of couplings, the density distributions inside the core need to be recalculated. However we
evaluate four-point processes which become important for large values of coupling constants.

This paper is organized as follows. In section 2, we calculate the cross-section of the
relevant processes. In section 3, we briefly review the characteristics of the core. In section
4, we derive the bounds on the coupling constants and the values above which the produced

Majoron will scatter before leaving the core. Conclusions are presented in section 5.

2 Majoron interactions

In this section we first introduce the Lagrangian. Then, in subsection 2.1, we derive the
formulae for neutrino propagator and the dispersion relation in the presence of matter. The
interaction rates for different processes involving Majoron are derived in subsection 2.2.

In the presence of matter, the Lagrangian of neutrinos can be written in the two-



component formalism as

Map

L= (i0,35.0 — Vog)Ps — (®TCds - cpgc*cp:;), (3)

where C' = ioy, a and (3 are flavor indices, ¢ = (1, —7) and m,g is the symmetric Ma-
jorana mass matrix. The term ®V,3®s represents the matter effect. This term has a
preferred frame, the frame of the supernova. In the flavor basis, V is a diagonal matrix;
V = diag(V., V), V;) with

‘/e:VN+VC7 Vp:‘/;':vNu (4)

where ]
Vo = \/iGFnB(Ye +Y,.), VN = \/iGFnB(_§YN +Y..), (5)

Y: = (n; —n;)/np and ngp is baryon density [P7]]. B m Eq. ([)), the Y, -dependent terms are
the result of neutrino-neutrino scattering. Since in the medium of interest (supernova core)

Ny, = ng, and n,, = n;_, the corresponding Y parameters vanish and have been omitted

W
from Eq. (f). In a typical supernova core, V, and V, are of order of 10 eV and 1 eV,
respectively.

For the interaction term, we invoke the form of Eq. (). But we note that the derivative

form of the interaction in Eq. (P) can be rewritten using the equations of motion as
: * . T
—ihapmay®LCP:T — ihagm, o @7 C 4.

Thus, for processes in which all of the involved states are on-shell (in particular, neutrino
and Majoron decay, vv — J and vJ — v) the two forms of interactions give the same results
with the replacement

9as = (haymap + mathﬁ)/z (6)

As we will see, the most important processes involve only on-shell particles. Therefore
all of the bounds in this paper, will apply for both derivative and pseudo-scalar forms of

interaction.

It is shown in Ref. [@] that, if the neutrinos present in a medium are coherent superpositions of different
flavor states, the off-diagonal elements of V,,3 can be nonzero. However inside the inner core the densities of

ve and v, are different and, on the other hand, Y,,, =Y, , so the off-diagonal terms vanish.



2.1 The propagators and the dispersion relation

After straightforward calculations, we find

37 p = Vadboo = =S @D)Oh(—p) = s 7)
@.0)Bh(p) = X C 5B ()2 () ®)
and
-1

(a(p)@5(—p)) = D mpy (Ta(p)PL(—p)) (9)

T
where all of the subscripts «, (3, v and o denote {e, u,7}. As we will see, the diagrams in
which these propagators are involved are important mainly when |p| <V, so the effect of V,
must be treated non-perturbatively. If the mass scale of neutrinos is high (m, > vAm2),

the masses are quasi-degenerate; mqz ~ mydaﬁ.ﬂ In this case the formulae are simpler:
—100p

e T e LA (10)

—’im,,éag

* T(_ =
<<I>a(p)q)5( p) = Cm?/ —(p-o+Vo)p-a—V,)

(11)

and
im,,éaﬁ
m2—(p-o+Vy)(p-a—V,)

Now let us find the dispersion relation. The Lagrangian (J) yields

(Pa(p)®5(—p)) = C. (12)

Oo(p)i(—p-0—Va) = 25: Mo ® (p)C (13)
and
(p-d—Vo)Pu(p) = — zﬁ:magCCI)g. (14)

Expanding the states as

O, (p) = Y uallh,p)aa(h,p) + vl (h,pal(h,p) for which & pua(h,p) = h|plua(h, p)

h=—1,1

C
va(h,p) = T T —— 15
( p) ; ﬁﬁpo_h|m+va ( )

A proposed Tritium decay experiment, KATRIN [@], may be able to determine the mass scale.



S masCul(h,p) (16)

ollp) = 5=

and

0 maﬁTTlg,Y
+ hlpl = Vy)ua(h,p) =
6+ 171 = Vaualhp) = 32

To find the dispersion relation and energy eigenstates we should solve Eq. (7). Note that

s (1) (17)

the dispersion relation depends on helicity.

For m?/p < V < p, one can easily show that

2
mag

2p

prp—hVa+ Yy (18)
B

and that the mixing among the flavors is of order of m?/2p(Vs — V,,) < 1 which can be

neglected.

2.2 The relevant decays and interactions

In this subsection we first discuss the processes that produce Majorons, then we study those
which annihilate or scatter them. For illustrative reasons, in the following discussions, we
ignore mixing (i.e., off-diagonal terms both in coupling and mass matrix) and we denote
coupling, mass and effective potential by g, m and V| neglecting their flavor indices. In the
cases that generalization is not straightforward, we will discuss the relevant steps. Before
beginning the detailed analysis, we should discuss an important conceptual point. As we
see in Eq. ([[§) the dispersion relation for neutrinos inside supernova is different from that
in vacuum and hence some reactions which are kinematically forbidden in vacuum, can take
place in the supernova core. As we will see the decay v — v+ J and the interaction vv — J
(or v — vJ and vv — J depending on the sign of V') are kinematically allowed.

Besides these three-point interactions, there are other interactions that produce Ma-

jorons:
evt+tv—J+Jandv+v— J+ J;
o v+ — J+J.

As we will see the effect of the four-point interactions is negligible.



221 v—v+Jorv—v+J

In medium, if V' is negative (positive), the decay v — v+ J (v — v+ J) is possible. Let us

suppose V' < 0, then, without loss of generality, we can write

vy = (i —V,0,0,p:) = (pr+V,pssinb,0,pscosh)
where we have neglected corrections of order of m? /p; < V. Energy-momentum conservation
implies,
ps = (pi —pg —2V,—pssind, 0, p; — pycosb).
The process v — v + J is kinematically allowed if and only if p%> = 0 and all the zeroth
components of the four-momenta are positive. p% = 0 implies

4VZ% -2V (p; — py)
2pipy

1 —cosf =

For |V| < py < p;, the above equation can be satisfied with all of the energies positive. This
means that the process is kinematically allowed.
Restoring flavor indices, it can be shown that for Vs 4 V,, < 0 the rate of v, — vg+ J is

given by
2

dar o 2172' —Pp m
A _ ool iy Ly pr ) + o) (19)

dpy 8T 2

(2

where p; and py are the momenta of the initial and final neutrinos and p; extends from
Max(%Wa + V3|, —=Vj3) to p;. In the equation, we have also included the Fermi factor

1
e+ 1)

which reflects the fact that inside the supernova some states have already been occupied by

Fj(py) = (1~

neutrinos.

Similarly, for V,+Vps > 0, the process v, — g+ J can take place. The decay rate is given
by Eq. ([9) replacing F§'(ps) with 5 (pf). The range of py extends from Max(5|Va+Vpl, Vs)
to Di-

222 v4+v—Jorv+v—J

In vacuum, the processes v + v — J or v + v — J are not kinematically allowed. However
in medium, where V' is negative (positive) the process v+ v — J ( v + v — J) can occur.
Let us suppose V' < 0 and study the possibility of v +v — J. Without loss of generality, we

can write the four-momenta of the initial neutrinos as
p1 = (pl +‘/;0a07p1) P2 = (p2+‘/ap2 Sin@aoap20059)>

8



for which p; + V and ps + V are both positive. Energy-momentum conservation implies
ps = (p1+p2 +2V,pasind,0,p; + pacosd).

The process v(p1) + v(p2) — J(ps) will be kinematically allowed if and only if p% = 0 or

2V2 4+ 2V (p1 + p2)
P1p2

1 —cosf=—

which can be satisfied for py,p2 > |V].
Neglecting V2/p? effects, for V,, + V3 < 0, it can be shown that the cross section of

vavs — J is given by

(27)|gas|®

= —5———(p1 +p2)|Va + V3|0(cos @ — cos b 20
e o+ pa)lVe 4 Vo 0 (20)
where p; and py are the momenta of the two initial particles, 6 is the angle between them

[Vat+Vs|(p1+p2)
p1p2 :

Similarly, it can be shown that for V,, + V3 > 0, instead of v, + v3 — J, the process

and cosfy=1—
Vo + Vg — J can take place with cross section again given by Eq. (0).

2.2.3 The process v+v — J+J

For reasons that will become clear in a moment, we analyze v and v as wave packets rather
than as plane waves. Let us ignore neutrino mass for simplicity. Then, calculating the
diagram (2-a), we find

1 1
(2m)S \ J4k9KY

< [ [t o ——x (1)
// (2m)

2miM = (2m)*(ig)(27)*(ig*)

P -V—-qa
@~ VY I e

xoov(p1) f(p1)dP*p1d®py + (ky < ky),

2 {0(—q) + ()1 — FF(@)ol(e") — (g + v>21})

where k; and k, are the momenta of the Majorons and [ f(p2)|p2)d®ps and [ f(p1)|p1)d®p:
represent the states of the neutrino and anti-neutrino, respectively. In Eq. (B1]), ¢ = ko — p2

and we have considered the matter effects in the propagator:
FP(q°) = 1 —=1/[exp((¢’ — p)/T) + 1]

is the Fermi factor.



Both for positive and negative V', in the vicinity of (l{:: =i ke = p3) and (l{:: = s, foy =
p1), there are poles which are non-integrable singularities. Without the wave packets, the
total cross section would be divergent. Setting m, non-zero just shifts the pole a little bit
and does not solve this problem. This is due to the fact that for negative (positive) V', the
processes v - v+ Jandv+v — J (v — v+ J and v + 7 — J) can take place on shell,
so the singularity is indeed a physical one. Essentially, for V' < 0 the reaction v — JJ can
proceed in two steps, first, ¥ — vJ and later, at a completely distant place vv — J. In other
words, the total cross section has two parts: i) a “connected” part; ii) a “disconnected” part
which can be considered as two successive three-point processes.

Let us now consider in more detail the relation between Eq. (RI]) and its component
three-point processes. For definiteness, we consider the case V' < 0. We have explained that

the reaction vv — JJ contains a subprocess which factorizes as

AM&M@NMW%MW

More explicitly, the factorized amplitude takes the form

» —99" T G T )T — (99— k)20
amiM=— [ [ [ [ [T [ fpo)upa)e B m0d=D (29
(27)6/ 4Kk T

1 qO—V—O_rq_‘ F 0 . 0(,0_,0 oo o
)2 iq° (xy—x7) 1. (T2 :(:1)5 0 _ vV — d4
o | o ()e e (q ahd'q)

agv(pl)f(pl)ei((ﬁl_El)'fl_(”?_k?)x?)d?’pldgpgdz(l)da:gdgxld?’zg,

where F¥(q°) =1 — 1/(exp((¢° — u)/T) + 1) represents the matter effects. In Eq. (22),
T represents the boundaries on time integrations and therefore it must be very large (i.e.,
7 2 5/V). We have written the time boundaries explicitly to emphasize the causality
conditions. Transferring the amplitude for ov — JJ (Eq. (R1)) from momenta pi, py to
coordinates x1, &, it can be shown that for the region |z, — 21| > 27 & 10/V, these two
correspond. Therefore, if the initial neutrino and anti-neutrino are localized at distance
R > 10/V, their interaction rate can be calculated by Eq. (B9) instead of Eq. (BI)).
Consider v and v which are localized at distance R > 10/V far from each other. We
have shown that their interaction cross section is given by |(J;Jo|vvJi) (v Ji|7)|?. So, this
interaction can be considered as two subsequent processes. First v decays into J; and v.
Then, the produced neutrino propagates distance R and annihilates with the other v into Js.
In other words, to calculate the interaction probability of such two states, we can consider
v — vJ as an additional source for ¥ and consequently the process vv — J. This can be

compared to the more familiar sources of neutrino like electron capture, (J|vv)(vn|e”p™).

10



Of course the set of states which are localized at distance R > 10/V ~ 1079 R,,,. far from
one another is not a complete set. We should also consider the states which are closer and/or
have overlap with each other. If we rewrite Eq. (BI) in the x-coordinates, as we have done in
Eq. (B2), calculation of the amplitude of two states localized next to each other at distance
R will be easier. For such two states, the integral for |£7 — 23| > 10/V vanishes (because
of the specific form of f(p;) and f(p2)), so we can restrict the integration over |7} — 3| to
the interval (0, 10/V). For ¢° — V — |q] > 10/V, the amplitude for two states localized at
R < 10/V far from each other is equal to the amplitude for states with definite momenta,
but for |[¢°—V —|q]| < 10/V, the amplitude for the two localized states is much smaller. This
is because in calculation of amplitude for two states with definite momenta, we encounter an
integration [;° g(x)ei(qo_v“ﬂ)””da: which diverges for ¢° —V —|q] — 0 but for two states which
are localized next to each other the corresponding integration is folo/ v g(x)ei(qo_v_‘ﬂ)xdx
which is finite. The total cross section for neutrino and anti-neutrinos localized next to each
other is then given by an angular integral over the square of (B1)) in which the integration
is over all angles except those for which (¢° — V — |q]) < 10/|V|. The total cross section is
given by

lg]* ( P12 )
Otot ™~ In . 23
ol 87Tp1p2‘vl - U2| (V/10)2 ( )

Here, for simplicity we have dropped the flavor indices but for the more general case the

discussion is similar.

2.2.4 The processv+v—J+Jand v+v—J+J

The discussion of vv — JJ and v + v — J + J can be carried out in a similar way. For

quasi-degenerate neutrino masses, the amplitude for vv — JJ (see diagram (2b)) is given
by,

41{;%0 Z//fl 1)t (p2)C(igar ) (ig-p) X (24)

Zm(m +V2+ ¢ —q5 +27- 5V, y
(m? —qg + (V;, = ¢)*)(m? — g5 + (V5 +q)?)
f2(p2)U(p2)d3p1d3p2 + (k1 < ko) + A,

where [ fi(p1)|p1)d®py and [ fao(p2)|p2)d3ps represent the initial neutrino states, ki and ks

are the momenta of the emitted Majorons and ¢ = ks — ps. The term A summarizes all of the
Fermi effects on the propagator. The amplitude for values of ¢ which (¢° +V,)? — ¢* —m? ~
P2 pa > m?, Vf is negligible, and the main contribution to the cross section comes from the

small solid angle (~ V2/p;p,) for which (¢° +V)? — ¢* —m? X V2,

11



First, let us discuss the process v.v, — JJ. In general, for v = pu, 7, there are singularities
which correspond to an on-shell v, or v.. Note that, if p; and p; are parallel or make an
angle smaller than ~ |V./V,|, the singularities disappear. As for the case vv — J.J, we can
discuss that if the initial states are localized at distance R > 10/V), far from each other,
the process vv — JJ will be equivalent to two successive processes (V,(r)J|ve) and then
(J|Vevy(r)). This yields a cutoff of V,,/10 for calculating the 4-point total cross-section. Note
that although v. — J + v, is kinematically allowed (V,, < V¢), I'(v. — Jv,,) is suppressed by
(m/p,,)? and in practice, will not have any significant effect.

For v = e, there is no singularity (except for the case that one of the Majorons is soft
and v.v, — J is kinematically possible) and therefore no cutoff is needed. The total cross

section can be estimated as

Otot (VelVe — JJ) = a§+§T2ﬁ m +0b ee4>. 25
l )= e (A PO el ). (29
Similarly, )
Otot Velpy(ry) — JJ) = X 26
t t( ( )) ) |U1 - Uz|(27r)2p1p2 ( )
I 9, M m ! 2
e T etYru(t Y75 b eeYeu(r
(a |GenGun(r) + JerGru(n)| (VH)(VH/10)+ |GecGep(n)] )
and
1
Otot V() Vury — JJ) = (a//‘giu(T) + @ + b”|geH(T)\4) : (27)

B ‘U1 - 1)2|(27T)2p1p2

with b, b/, b”, a, o’ and a” are of order of 1. In Ref. [PQ], o4t (veve — JJ) has been calculated,
ignoring V' and the off-diagonal elements of the coupling matrix. Their result agrees with
E

our estimation in the sense that the term proportional to |ge.|* is not suppressed by m.

The total cross section for (7,3 — JJ) is equal to oy (vavg — JJ) replacing V' with
(=V).

2.2.5 The processes v+ J - v or v+ J —u:

These processes are opposite of anti-neutrino and neutrino decay and, hence, the kinematical
conditions are similar. If V,, + Vj is negative (positive) the process vy, J — g ( Vod — vp)

can take place with cross section

(27)

__ @m o eVat Vsl
4pglvy — va|

g

|ga5|2 F(g)(p + q)d(cos @ — cos by) (28)

12



where p and ¢ are the momenta of the initial neutrino and Majoron, respectively. 6 is the
angle between the two initial states and

(p+q)|Va + Vs
pq

cosfy = —1 +

FE (p+ q) is the Fermi factor for the final state.
B

2.2.6 The Majoron decay, J - v+vor J—v+1v

The decay J — vv (J — vv) is opposite of the interaction vv — J (vv — J) and therefore
the kinematics are similar.
For V,, + V3 < 0 (V, + V3 > 0) Majoron can decay into v, + v (¥, + g) and the decay

rate up to (|V|/p;)? correction is given by

|ga |2|Va—|—V| Pi
dr = 87ﬁr i ’ /0 Ff(pf)Fﬁp(pi — pr)dpy (29)

where p; and p; are the momenta of Majoron and either of final neutrinos, respectively. FI'
and F 6F are the Fermi factors reflecting the fact that in the core of supernova some states

have been occupied by already present neutrinos.

2.2.7 The processes v+ J —-v+Jand v+J - v+ J

The amplitude for v, + J — 7, + J have two singularities in the ¢-channel due to v, ex-
change. Using the similar discussion as we had in section 2.2.4, it can be shown that these
singularities may be considered as two successive three-point interactions (7.|Jv,)(v,J|v.)
and (J|vev,)(Zer,|J). This yields a cut-off ~ |V,,|/10 around the singularity to determine the
four-point interaction. In the case of head-on collision where the initial particles are within a
small solid angle ~ (V/p)? < 47 around cos§ = —1, there will be another singularity in the
s-channel which can be considered as (7. J|7,) (D, |veJ). We recall that any discussion about
v, applies to v; as well, because these states are completely equivalent for the supernova

evolution. The total cross-section for v.J — 7.J can be evaluated as

1
(27)2|v1 — vo|p1p2

2

m
V2/10

<a|g; N YL b|gee|4) P, (30)

where a ~ b ~ 1 and F is the Fermi-blocking factor for final neutrino. A similar discussion
holds for 7.J — v,J, and the corresponding cross-section is also of the form of Eq. (BQ).
The processes v, +J = v +J,ve+J =, +J, 0, +J —wve+Jand v +J — v, +J

also have singularities in the ¢-channel due to v,-exchange and can be considered as two

13



successive three-point processes. Following the same discussion as in sections 2.2.3 and
2.2.4, we use the cut-off ~ V,,/10 to evaluate the cross section for the four-point interactions.
The cross-sections of these processes have the form

m2

1 ( 2 2 F
1o+ Ger (=) + bl ) FF, (31)
Vg/lo

(277)2|U1 - U2‘p1p2

where a ~ b ~ 1 and F¥ is the Fermi-blocking factor for final neutrinos. The processes
vyJ — veJ and v.J — v,J can also have singularities in the s-channel only if the initial
particles are almost parallel, i.e., if their relative angle resides within a small solid angle
~ (V/p)? < 4m around 180°. We can safely neglect such states.
For the process v,J — v,J, there is no singularity and it is straightforward to show that
the cross section is of the form,
1
(2m)?|v1 — va|p1po

(alg2, + 9| + Blguel?) - (32)

2.2.8 The processes v+ J —wv+Jand v+J —-v+J

In general, the process v + J — v + J has a singularity in the ¢t-channel. With similar
discussion as in section 2.2.3, we can show that this singularity can be evaluated as two
successive three-point interactions (J|vv)(vv|J) resulting in a cutoff of order of V/10 for
evaluation of the four-point interactions. Using this cutoff, the cross section is of order of

lgl* < P12 ) -
In F, 33
(27)°|v1 — va|p1p2 V2/100 (33)

where F'¥' is the Fermi-blocking factor for final neutrino.

If the initial particles undergo a head-on collision (i.e., they are within a small solid
angle ~ (V/p)? around 180°) there will be another singularity in the s-channel which can
be considered as (vJ|v)(v|vJ). The process v + J — v + J has one singularity that can be
evaluated as (7|Jv)(Jv|pv). Again the cross section is of the form of Eq. (BJ).

3 Supernova core without Majorons

The dynamics of a supernova explosion is described in a number of articles and books (e.g.,
[BT]). Here we only review the aspects of the supernova explosion which are relevant for our
calculations.

Very massive stars (M > M), at the end of their lifetime, develop a degenerate core
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with a mass around 1.5M made up of iron-group elements. As the outer layer burns,
it deposits more iron that adds to the mass of the core. Eventually the core reaches its
Chandrasekhar limit, at which the Fermi-pressure of the electron gas inside the core cannot
support the gravitational pressure, and the star collapses. The collapse forces nuclei to absorb
the electrons via e™ + p — n + v.. At the first stages, the produced v, can escape from the
core but, eventually, the core becomes so dense that even neutrinos are trapped. The layer
beyond which neutrinos can escape without scattering is called the “neutrino-sphere”.

As the density of the central core reaches nuclear density (p ~ 3 x 10 g/cm?), a shock
wave builds up which propagates outwards. We will refer to the pre-shock stage as the infall
stage. This stage takes only around 0.1 sec. As the shock wave reaches the neutrino-sphere,

it dissociates the heavy nuclei. The dissociation has three different results:
1. It consumes the energy of the shock, so that the shock eventually stalls.
2. It allows neutrinos to escape more easily.

3. It liberates protons that interact with the electrons present in the star (e~ +p — n+u,),
giving rise to the famous "prompt v, burst”. The prompt v, burst deleptonizes the

star but carries only a few percent of the total energy.

The stalled shock should regain its energy. Otherwise, it cannot propagate further and give
rise to the spectacular fireworks. According to the models, this energy is provided by v,
diffusing from the inner core to outside. The density of v, inside the inner core is very
high. The corresponding Fermi energy is ~ 200 MeV while the temperature is only around
10 MeV. At the beginning the temperature of the neutrino-sphere is around 20 MeV. So
the diffused neutrinos leave their energy as they travel outside, warming up the core. This
energy can revive the shock. (In fact, this mechanism is controversial 1], but we will not
use the shock revival mechanism for our calculations. Most of our calculations are related
to the inner core, which is free of these controversies.) The temperature in the outer core
grows up to 40 MeV; actually, the outer core and the neutrino-sphere become warmer than
the center. At the outer core, neutrinos of each type (ve, ¥, v, Uy, vy and ;) are present.
These neutrinos escape the star and deplete its binding energy (Ej, = (1.5 — 4.5) x 10° erg
Ims).

Two kinds of “upper” bounds can be imposed on the neutrino-Majoron couplings by
studying supernova evolution:
1) If the coupling constant is too large, the process v, — J + 1, during the infall stage,

deleptonizes the core and according to models 4] the successful explosion cannot occur.
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This bound has been correctly studied in [[4, [J] and the result is go, ~ 2 x 107°.
2) If the coupling is non-zero, Majorons can be produced inside the inner core and can
escape freely from the star, depleting the binding energy. The observed neutrino pulse from
SN1987a coincides with that predicted by current supernova models. This means that the
energy carried away by Majorons (or any other exotic particles) should be smaller than
the binding energy. The Majoron luminosity, £, as large as 10°® erg/sec could significantly
affect the neutrino pulse. Here, we will take £; < 3x 10° erg/sec as a conservative maximum
allowed value. This gives an upper bound on the coupling constants.

If the coupling of Majorons is larger than a “lower bound”, the Majorons will be trapped
so strongly that their luminosity will be small. We will discuss this case later.

Let us review the characteristics of the core. The inner core (R < Rjpper ~ 10 km) with
a good approximation is homogeneous. The density in the inner core is around 5 x 104
g/cm®. The distributions of all types of neutrinos follow the Fermi-Dirac formula with
Tinner ~ 10 — 30 MeV and different chemical potentials [23, Bf]. As mentioned earlier, the
chemical potential for v, is around 200 MeV. So, inside the inner core, v, is degenerate while
the density of 7, is negligible (uz, = —p,, = —200 MeV). The suppression of the density of
U, is due to absorption on electrons. At the first approximation, the chemical potentials for
(I/_u) and (V_T) are equal to zero. In Ref. [7], it is shown that, because the interactions of v,
and v, with matter are slightly stronger than the interactions of 7, and 7., their chemical
potentials become nonzero: f,, = p, ~ 5T/m, < 1. We will neglect p,, and p,, in our
analysis. In fact the large uncertainty in the determination of temperature affects our results
more dramatically. In Table 1, we show the values of V. and V,, (= V) at different instants
after the bounce inside the inner core. The values of Y, and Y,, are taken from Ref. [2F.

Outside the inner core, R;pper ~ 10 km < R < R,y ~ 15 km, the density of v, is much
lower, ft,, < 1, but instead the density of 7, is higher than in the inner core. In fact, in the
outer core (Ripner < R < Royt), thermal equilibrium for neutrinos is only an approximation.
To evaluate the role of the outer core in Majoron production, we set p,, = p,, = p,, = 0.
The density in the outer core drops from 5 x 10 g/cm? to 5 x 103 g/cm?. Temperature in
the outer core drops abruptly [RF] such that T'(R = Rjnner) = 35 MeV while T(R = R,y;) ~ 2
MeV.

Different models predict different values for parameters; e.g., the prediction of different
classes of models for T}, vary from 10 MeV to 30 MeV [B]. Moreover the production of
Majoron can distort the density distributions. Considering these uncertainties, the simplified

model that we have invoked is justified. With this approach, we will be able to examine the
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t(sec) | Ve (eV) |V, =V, (eV)
0 2.3 -11.7
0.5 1 -12.3
1 -0.3 -12.8
1.5 -1 -13.1

Table 1: The values of the effective potentials at different instants after bounce without

Majoron production.

prediction of all models for the Majoron luminosity.

4 Bounds on coupling constants

In this section we explore the role of Majoron in the cooling of the supernova core. In
subsection 4.1, we derive an upper bound on |g..| assuming the produced Majorons leave the
core without being trapped. In subsection 4.2, we derive upper bounds on g,,, grr, gue and
Jre, again assuming Majorons leave the core immediately after production. In subsection
4.3, we show that for the couplings lower than the bounds we have derived, the four-point
interactions are negligible. In subsection 4.4, we derive the limits above which Majorons

become trapped.

4.1 Bounds on |g.|

As represented in Table 1, immediately after the bounce, V. is positive, but eventually V,
decreases and becomes negative, while V,, and V; are negative from the beginning. As long
as V. > 0, the interactions v, — v, +J and v, — v, + J are kinematically allowed but the

latter is suppressed by a factor of (m/p)? ~ 107'%. So we will consider only the interaction

Ve — Up + J.
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This interaction depletes the energy of the core with a rate

‘966‘2‘/&“1%6

=——"x(4 4
We should note that this interaction not only carries energy away but also deleptonizes the
core. v 2 1/
L GeeVe
— = =2I'Y,, = -2 Y,

where we have used the fact that n;, < n,,. We know that core is in $-equilibrium. Since the
rate of the S-interaction is faster than I' (rate of G-interactions/ I' ~ 487 G%.u3 T° /g2, Ve) and
at equilibrium the density of electrons is one order of magnitude larger than that of neutrinos,
we expect that the densities of neutrinos are not affected by the Majoron production. In other
words, the Fermi energy, y,,, and Y;, are still given by Ref. [B5]. However, deleptonization by
Majoron emission can affect V, dramatically because different terms in V, o< (3Y,+Y, —1)/2
cancel each other (Y, < Y; ~ 0.3). Therefore in the presence of Majoron emission, V,
vanishes faster. Let us evaluate the maximum energy that can be carried away by Majorons
through v. — v, + J in the stage that V, is positive. To have an estimation, we can

approximate
dVe

at

bV, —a, (36)

where

b - \/7 GF |gee|2Y

and a reflects the deleptonization effect w1thout Majoron emission. According to Table 1,

a ~ 2.6 eV /sec. If we neglect the variation of Y,,, p and a with time, we conclude that

Velt) = (V(0) + 3)e ™ = 7.

so that, after t; = (1/b) xIn(V.(0)b/a+1), V. vanishes. The energy carried away by Majorons

up to t; can be approximated as

gee:uue ‘/;(0) 7 ‘/Ye(o)b + a

Ey,<o =

For g.. ~ 1077, Ey. . converges to 4 x 10°! erg. Increasing g.. increases £, but on other

hand, V, vanishes in a shorter period. It is easy to show that, for any value of g,
By o <4 x10° erg < E.

Therefore the energy loss at this stage does not affect star’s evolution and hence we do not

obtain any bound.
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As it is shown in Table 1, about one second after the core bounce V, turns negative. As
we discussed earlier, in the presence of neutrino decay V, changes its sign even faster. In a
medium with negative V,, the decay v, — . + J is not kinematically allowed and instead
v, — v, +J can take place. However, we know that, in the inner core, the density of electron
antineutrinos is quite low (uz, ~ —200 MeV while 7'~ 10 MeV) so this interaction will not
have any role in cooling of the inner core. In such a medium, energy will be carried away by
process

Ve + 1 — . (38)

In the previous literature the possibility of this interaction was not discussed. The interaction
(BY), diminishes the lepton number by two units. Again we see that p,, and Y,, will not
be considerably affected by this process, but that V, will decrease faster. In contrast to the
previous case, faster decrease of V, is a positive feedback for the process and leads to the
energy depletion. The energy carried away from the inner core via process in Eq. (B§) is

now A
Hy,
(2m)3

To evaluate a conservative upper bound on |g..|, we set |V.| equal to 0.3 eV, p,, = 200
MeV and R = 10 km then,

< Caps (39)

3 mner

7
Ly= 662‘/;
s = a1V

Rinner ‘/e ,uz/ el"g
=9 662 1 66 3 e 4 O
L= 2geel” x 107 (177 (5377500 Mev)  sec

Around one second after the core bounce, the total neutrino luminosity, £,, is about 5 x 10%?

erg/sec. So, the condition £; < 3 x 105 yields the conservative bound,

Rinner )_%( V;
10 km 0.3 eV

)R (e )2, (40)

el <4x 1077
[Geel <4 107 200 MeV

In Ref. [[4], a bound on |ge.| is obtained studying the energy loss via v, — v, + J which
mainly takes place in the outer core, Ripner >~ 10 km < R < R, >~ 20 km. The result is
LV, — ve+ J) = few x 10%  |g..|? erg/sec. So the conservative bound L(7, — v, + J) <
3 x 105 erg/sec implies |gee| < 4 x 107%. The bound in Eq. (f() is one order of magnitude
stronger because the total number of v, in the inner core is very high. In Ref. [[J], a bound
is imposed due to the processes v+ v — J + J and v — v + J (v denotes both neutrino
and antineutrino). However the energy carried away is overestimated due to an improper
treatment of the three-point subprocesses. We will elaborate on the v + v — J + J process

in section 4.2.
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4.2 Bounds on |g,,| and |g;.]

In this subsection we discuss the processes involving (I/_T) and /or (I/_u) These processes include
(a) Vpr + Vpr — J, Vpr + Ve — J

and
(b) Upr = J + Vepr

The process v, , — J + 1, can take place only in the outer core where electron neutrinos are
degenerate. Both the processes (a) and (b) can distort the distribution of matter inside the
star. However, that calculation is beyond the scope of this paper. But we can argue that it
is a good approximation, for the purpose of computing upper bounds, to use distributions
with vanishing chemical potentials for v, and v, 7. For simplicity we rotate (v,,v,) to a
basis such that g,, = 0. Note that since the chemical potential is diagonal and V,, = V., it

will be invariant under this rotation. In the new basis, we can write, for the inner core

dnyu _ dnpu

o el 2 [Rate(v, — v, + J) — Rate(v,v, — J)| — Rate(v,v. — J), (41)
where we have neglected vv — JJ interactions. The sum of chemical potentials for v, and
v, must be zero, u = p,, = — iy, , therefore

4 2d 4 2d
Ny, = / 7T?, p{?u P while Ny, = / Trgzﬁuip' (42)
(2m)? "1™ 41 (27m)3 B 1 1

We expect that for small values of |g,s|, the chemical potential remains small. Let us suppose
ln/T| < 1 to solve the equation ([J]), then we can realize whether this assumption is valid
or not. For |u/T| < 1,

AnT3
n, o~

o g (L8 LO/T), g, = (47T ) (27)?)(1.8 — 1.641/T)

and we can rewrite the right hand side of Eq. ([]) as

|guu‘2|vu|T3
2(2m)3

‘geu‘z ‘Vu + Ve| /~Lz2/e

{0.12 — 3.28/T — (0.34 4+ 0.251/T) 1 (43)
|guu|2 |Vu‘ 17

where p,, is the chemical potential of the electron-neutrinos. Inside the supernova core,
neutrinos and matter are in thermal 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:

|dT | |Eyealn,,H /dt < dn,,
Tdt E}/volume Ny, dt’
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So, dn,, /dt — dng, [dt ~ 2?‘;?); x 1.64d(p/T)/dt. On the other hand, for this estimation we

can neglect the variation in V), ~ V2Gpng(Y, —1)/2. Also, since the density of v, is much
higher than that of v,, we can neglect the variation of y,,. Therefore, Eq. ([J) tells us that

w/T converges to

|Geu?| [Ve + Vil 12,

\Geu] [Ve + Vil 117, )
gl Va1

gl Va1

(0.12 — 0.34 )/(3.28 +0.25

Now, it is easy to show that for (|ge,|?/|guul?) % (12, /T?) < 37, |1t/ T| remains small regardless
of the values of |ge,| or |g,,|, themselves. For |ge,| > 6|guu|T/ ., |1t/T| diverges to values
larger than 1 and the above analysis will not be correct anymore (remember that we had
assumed |u/T| < 1). In this case, v, will disappear after ~ (%VW#E&/T2)_1 but on the
other hand, the density of 7, will increase (the chemical potential becomes negative) and
this calls for recalculation of the density distributions. We can make a similar discussion for
vr. Let us suppose |ge,| < 6]9,uT/ 10, and |ge-| < 6]gr+|T/ 11, and continue from here.
Now let us evaluate the Majoron luminosity using the distributions given in [B5. Ne-

glecting the Majoron emission from the outer core we have found,

2 R3
~ Z znnerT4 2 44
‘C(Va +Vﬁ - J) 3 (277')2 zrmer|ga5| (|V0l + Vﬁ|) ( )

and L3 RS
L(Pa — vpJ) = 2T 9asl* (Ve + Val), (45)

3 (271_)2 inner
where by « and 8 we denote p or 7. On the other hand,

R?rmer
E(Va + Ve — J) =~ 3(27’(’)2 |gae‘2(|v& + ‘/€|)(02:u13/e,—rmner) (46>

Note that even if g, is large, the process ( 7, — v, + J), in the inner core, is suppressed by

a factor of exp((Tinner — tw, )/ Tinner) because inside the star, v, is degenerate.

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

10 eV 1,20 MeV , 10 km s
2 gsl® <8< W07 (S () () (47)
a,Bep, T o inner inner

—— - 10 km . 3,200 MeV 5,20 MeV . 1,10 eV
|gﬂe|2+|g7—e|2 <5x10 7( Rinner)Q( My, )2( CTinner )2( VN ) ‘

We emphasize again that the above results are valid only assuming that |ge,tty. /9, T)* < 37

and

D=

(48)

and |gerfhy, /g T|? < 37. Otherwise the Vyu(ry annihilation will stall because v, is depleted.

Meanwhile, the energy carried away due to v,()-annihilation will be of order of

‘gea‘zv /~Lz2/e

-1 49 53
Gl ) 10 e By 10% e

L(ve + Vuir) — JI)(
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So, L(Ve + vyz) — J) does not impose any bound on |geu-)|. On the other hand, since the
density of 7,y grows, the process L£(yr) — Vur)J) will even become intensified and we
expect that still Eq. (f7) will be a conservative bound. For (|ge.|?/|gul?) x (12, /T?) > 37,
the upper bound on |g.,| is imposed by 7,-decay in the outer core. Using the distributions

in Ref. B3], we can show L(7,r) — J + ve) = few X |geur)|? x 10%* erg/sec which implies
|Gepls |ger| < few x 1075 (49)

In Figs. (1) and (2), all these bounds are schematically depicted for T, = 10 MeV and
Tinner = 20 MeV, respectively. The shadowed area represents the range of parameters for
which £; < 3 x 105 erg/sec. As it is shown in Fig. (4), for T = 20 MeV, the process
ve + v, — J does not impose any bound on |g.,| because, for any value of |g.,| smaller
than v/37|g,,|T/ . (where |g,,| is below its upper bound) it cannot give rise to a Majoron

luminosity larger than the allowed value.

4.3 Four-point interactions

In this subsection we discuss the processes v +v — J+ J and v +v — J + J. As discussed
in sections 2.2.3 and 2.2.4, we consider only the intrinsically connected contributions, the
effects of three-particle sub-processes subtracted. Using the distributions in Ref. [BJ] and

the formulae we have found in subsection 2.2.3, we obtain

3 2
— :uueT‘irmer 47T
E(Ve + VH(T) - J + ']> ~ (271_)4 zsrmer | deagu a|2 (5())
and
T‘z?mer *
‘C(VM(T) + Vu —J+ J) (2 ) 47T3R?nnev‘ | ZgM(T)agu(T)a|2' (51)

In the above equations, o runs over {e, i, 7}. Using the distributions in Ref. [R5 and the
formulae we found in section 2.2.4, we obtain

2

V2/10

A
i 2 o) O Rl (52

E(Ve+1/e—>J+J):( 1) (

L(Ve+ vy = J+J) = (53)

4 :uue,'rzznner m2
( 3 R?’) (27'(') < |geuguu () + gETgTM(T) |2m + b,|geegeu(7') |2
n

and
LWo+vg—J+T)~L(Oy+05— T+ J)= (54)
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5
T‘inner

Am 3 "2 2 2 1 2
(?RinnevJ (277')6 (a ‘g/,l,/,l,(T) +g,u,u(7’)| +b |g€M(T)‘ )7

where m is the neutrino mass for quasi-degenerate mass schemes. If |g,s| is smaller than the
“upper” bounds in Eqs. (0, [, E9) the above luminosities are negligible. These luminosities
become non-negligible only if the couplings are larger than 1075 so they do not change the
“upper” bounds. We note that, for coupling constants of the order of the “lower” bound (for
which the produced Majorons are trapped), the four-point processes can play a significant

role.

4.4 Majoron decay and scattering

So far we have assumed that Majorons leave the star without undergoing any interaction or
decay. Now we discuss the validity of this assumption. First, let us discuss the possibility of
decay. (Note that although Majorons are massless particles, in a medium such as supernova,

in principle, they can decay.) For «, 5 € {u, 7},

D(J(q) — v +v5) = ‘gaﬁm;‘: + Vsl) (0.8 — 0.27), (55)

where 0.8 and 0.27 correspond to ¢/7 = 10 and ¢/T = 0.1, respectively. So, the Majorons

decay before leaving the core (I' > 1/R), only if
|gas| ~ 107°. (56)

/T < 1)

Because of degeneracy of the inner core, only the energetic Majorons (|E; — i,

can decay into electron neutrino (see Eq. (9)). It can be shown that

T 662 ‘/e
PI(q > 2p0.) = ve + ve] ~ %
and e
LI(q > piw.) = Ve + va] ~ |g||8—+”|
T

These processes will have significant impact (i.e., I' > 1/R) only if
|gep] > 7x107%  and/or  [ge| >5x 107°. (57)

Now let us examine the interaction effect. For low values of coupling constants, the

dominant interactions are (v 4+ J — v) with the mean free path

_ — g€6|2,ul/
T ve+J — D _| :
(V Hy) 4T q

Vel, (58)
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|gesl? Ve + V3l e!T +1

T (ve+J — i) = - . (fv. — Tln(w)% (59)
1 o lgsal®1 Ted"(q/T +1n2 — In(e?™ + 1)
l (V5+J—>Va)——8ﬂ_ q(\V5+Va\) e (60)
and
20.7T
P+ 0 — ) = 2w v, (61)
where ¢ is the energy of J and « and f3 are either 4 or 7. The requirement [=! > R~! implies
> 6 q 1 200 MeV 1 0.3 eV 1
ce| ~ 6 x 10 ,
e 2 6 1078 (A )
> _6 q 1,200 MeV . 1 10 eV .1
el |Ger| ™ 2 10
gl el 22 % 1078 ) (K
and

‘gﬂﬂ|7 |gTT|7 \/5‘.97#‘ Z 4 x 10_6.

In the last case, the bound is derived for ¢ = 10 MeV, T' = 10 MeV and |V,| = 10 eV. Ap-
parently if the coupling constants are smaller than the bounds in Eqs. (FQf14]), Majorons
will leave the star core before undergoing any interaction. But, for 6|g,,[(T/i.) < |geul ~
2 x 107°, the interaction of Majoron particles with v, in the inner core is not negligible.

For larger values of coupling, Majorons may become trapped or decay before leaving the star
and the energy transfer by Majoron emission will become harder, but this does not mean
that Majoron production does not affect the supernova evolution. To calculate the exact
effect and to extract lower bounds on coupling constants, one needs to revisit the matter
distribution and its time evolution including the effect of energy transfer by Majoron. That
is beyond the scope of this paper. Here, we have only discussed the dominant interaction

modes for larger values of the coupling constants.

5 Conclusions and discussions

We have explored the energy loss from the inner core due to emission of Majorons. We
have found that at the early instants after the shock bounce (t ~ 1 sec) when V, is positive,
although the decay v, — . + J takes place, the period is too short to have significant
energy transfer and therefore the energy loss due to v, — v, + J does not imply any bound

on |gee|- In the next period (¢t > 1 sec) when V., < 0, neutrino decay is not kinematically

24



allowed anymore and instead the two processes v, — v, + J and v, + v, — J can take place.
Since the density of v, is much higher in the inner core, the process v, + v, — J implies
a stronger bound. We have found that |ge.| < 1077 (see Eq. ([Q)) if the emitted Majoron
leaves the core immediately after production. We have found that for |g| < 1077 the effect
of four-point processes (v, +v, — J+ J and v, + v, — J + J) is negligible. We believe that
previous treatments of the reaction (e.g., [IJ]) have not correctly subtracted the 3-particle
subprocesses.

We also have studied the bounds on coupling of Majoron to muon (tau) neutrino. In

the basis in which g, = 0 (since v, and v, are equivalent for supernova processes, we can
always rotate (vr,v,) to a new basis (v, v,) for which g,/,, = 0) we have found the following
results. For [geu|®/|guul? % pz, /T? < 37, the processes v, — v, + J and v, + v, — J imply
gl < 8 x 1077 (see Eq. (ED)) while ve + v, — J gives |geu| < 5 x 1077 (see Eq. (),
providing the emitted Majoron leave the core without being trapped or undergoing decay.
For |geu|?/|9uu|® % (12,)/T* > 37, we have shown that the process v, + v, — J eats up v,
within a short period (leading the chemical potential of v, negative) such that the bound
from v, +v, — J does not apply anymore. However, in this case, the density of 7, increases
(tz, = —pu, becomes positive) and the bound on |g,,| (Eq. (7)) still applies (actually it
will be a conservative one). For |ge,| > g, vV37T/ iy, , the 7,-decay in the outer core (where
t,./T <~ 1) imposes the strongest bound on |ge,| which is |g.,| < few x 1076, These upper
bounds are schematically summarized in Figs. (1) and (2). Note that the bounds on |g,,|
and |g.| are exactly the same as those on |g,,| and |g.,|, respectively.
All these upper bounds come from diagrams (1-a) and (1-b). In these processes, all the
involved particles are on-shell. Therefore the aforementioned bounds can be translated into
bounds on the corresponding element of the matrix h in the derivative form of interaction
(see Eq. (P])), using the relation given in Eq. (f).

We also studied Majoron decay and the interactions that can trap Majorons. We have
found that the processes v, +J — v, ve+J — ¥, ; and v, , +J — ¥, ; may have significant
effect (171 > RZL.), only if |gee| > 6 x 1075(q/10 eV)Y2, |gepin| > 2 x 1075(¢/10 eV)*/?
and |gu(ryur) > 4 x 107°, respectively. If the coupling of Majoron to neutrinos are larger
than these limits, the Majoron cannot leave the core immediately. However, the processes
involving the Majoron still affect the evolution of supernova, transferring energy from the
inner core and distorting the the density distribution of the particles. If the couplings of
Majoron are larger than some lower bounds, the only Majoron particles that can leave the

core and cool down it are those produced in (or diffused into) a shell close to the neutrino-
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sphere where the density decreases rapidly with radius. In this region the density is too low
to give rise to a significant Majoron flux (i.e., £L; < £,). We emphasize that to derive the
lower bounds, it is not sufficient to consider the coupling constants collectively. For example,
if |geu| > 5 % 107, the Majorons produced via v, + v, — J can annihilate with another v,
into 7, before escaping the core.

To derive the lower bounds, one must recalculate the density and temperature profiles of
matter, neutrinos and Majoron particles which, in general, are different from those calculated
so far without including Majoron processes. Here, we have only discussed and evaluated the
four-point interactions which for large values of coupling constants may have significant
effect.
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Diagram 2: The sub-dominant diagrams
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Log(g,,)

N
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Figure 1: The bounds on coupling constants for 7" = 10 MeV and pu,, = 200 MeV. The
shaded area is allowed by energy loss considerations. The dashed lines show the limit above
which Majorons with energy ~ 10 MeV scatter before leaving the core while the dotted line

represents the same limit for Majorons with energy ~ 200 MeV.
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Figure 2: The bounds on coupling constants for 7" = 20 MeV and p,, = 200 MeV. The
shaded area is allowed by energy loss considerations. The dashed lines show the limit above
which Majorons with energy ~ 10 MeV scatter before leaving the core while the dotted line

represents the same limit for Majorons with energy ~ 200 MeV.
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