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ABSTRACT

It is shown that the existence of Majorons, which enable a heavy

neutrino, 500 eV g m,, £ 25 keV to decay into a light neutrino m, £ 8 eV

L
and a Majoron, with lifetime 104 yr £ T < 108 yr can solve both the
'V ~r

large and small scale dark matter problems. For a primordial "Zeldovich”

spectrum of fluctuations the limits are m £ 550 eV and = > 107 to
Vg ~ WV

H H
108 yr (the ranges m, £ 500 eV and T, 2 108 yr are allowed by the

model but galaxy formation becomes problegatic). The large scale dark
matter problem is how to achieve the critical density as implied by
inflation, the small scale problems deal with the haloes of galaxies and
galaxy formation and perturbation growth. The heavy neutrine could
provide the solution to the small scale problem by initiating
perturbation growth before decoupling. The decay products will be fast
and thus not bound to the initial clumps, thus solving the large scale
problen. The low mass relic neutrinos that were not decay products
would remain bound in the gravitationmal poteutials which grew from the

initial perturbations. The resulting universe would be radiation
dominated, which is consistent with present observations if Hy S 40
kn/sec/Mpc. An alternative solution can occur when m, = 10 eV: the

universe can again become matter dominated in the present epoch. This
solution still allows Hy ~ 50 km/sec/Mpc. The Majoron model parameters
which best fit the dark matter considerations are presented.
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It has been pointed out from a variety of view pointsh®®% that there are
two kinds of ‘“dark matter” problems. One is the large scale problem associated
with achieving a critical density parameter, {1 == 1 (or more precisely a flat
universe) as required by inflationary cosmologies.® The other is the small scale
problem which is associated with halos of galaxies and with galaxy formation
timescales. Because Big Bang Nucleosynthesis® requires Qparyon < 0.15, it is clear
that the large scale problem would require non-baryonic matter (if it is a real
problem). The need for non-baryonic matter on the small scale problem is more
subtle. Dynamics of galaxies imply galactic masses which are significantly larger
than visible masses; however, up to the scales of binaries and small groups, the
total implied {1 is still < 0.1, thus there is no direct need for non-baryonic
matter. On the larger scales of super clusters, dynamical arguments’® lead to an
implied {1 of ~0.1 to ~0.5 but the uncertainties are large. Thus from dynamic
arguments alone it is not obvious that this dark matter is required to be non-
baryonic (although some? have argued in that direction). The situation changes

if one looks at how galaxies probably form.

Primordial Buctuations in density which eventually grow into galaxies and
clusters should be of the adiabatic variety if they are to be consistent with grand
unified theories!®. For adiabatic fluctuations variations in temperature, §T will
accompany variations in baryon density, dp,. Current limits on the anisotropy of

)
the 3°K background!! argue that —-6-—-;- at recombination is <8 X 167°. thus -:—b
b

at recombination must be < 2 X 107* if the fluctuations are adiabatic. But from
recombination to the present epoch is only a factor of ~ 10% in redshift. Thus if

all the matter is baryonic b cannot grow by more than 10° which would not
s

enable L2 ~1 to exist at the present, contrary to present observations. The

P
solution to this problem {see refs. 2 and 3 and references therein) is to have non-
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baryonic matter be dominant so that its fluctuations can start growing before
recombination and after decoupling the baryons fall into the pre-existing poten-

tial wells.

If the non baryonic matter is only of the “hot” varietya.and only condenses
on large scales (clusters of galaxies and larger) then galaxies will form by frag-
mentation after clusters'®, This scenario seems to have difficulties!® because it
results in galaxies forming too late. Whereas, if the non-baryonic matter is all of
the *‘cold” variety® and can condense on small (dwarf galaxies or smaller) as well
as large scales, then clusters build up hierarchically from the small scales and
galaxy formation works. However, the density of such cold matter will then be
totally measured by the dynamics of large clusters! which yield I’s of a few
tenths and certainly < 1 which is contrary to inflation’s need. On the other
hand, hot matter easily gives {3 = 1 and naturally explains the mass scale of

superclusters??.

In the past, attempts were made to find a single type of particle to solve all
the dark matter problems. Some examples were low mass neutrinos, axions, pho-
tinos, gravitinos, etc. EHowever no single particle seemed to simultaneously solve
the large scale and small scale dark matter problems. This has led to composite
proposals? of 2 different particles, one hot (neutrinos?) the other cold (axions?) or
to have other unattractive solutions such as a non-zero cosmological constant!4 or

15,18

to have non-random phase initial fluctuations™™®, or to have light not be a good

tracer of mass concentrations.

In this paper we resurrect another alternative solution involving a heavy
neutrino decaying to a lighter one plus a Majoron!’. The idea of galaxy forma-
tion involving decaying massive neutrinos is not new.!%1%20 However, some ear-
lter work was perhaps overly restrictive in not allowing the present universe to be

radiation dominated. We will return to this point later {see also the discussion in



Ref. 14 who also are resurrecting decaying v's). A further motivation for the
present paper is that we now have a workable physical theory®! that can enable
heavy neutrinos to decay to light ones without producing observationally unal-
lowed photons. Let us now examine what is necessary in order for neutrinos to

decay and still satisfy the cosmological constraints.

Neutrinos with only standard electroweak interactions would decay produe-
ing et & pairs (if m, > 1 MeV) or 4's whose abundances would violate cosmologi-
cal and astrophysical bounds if heavy neutrinos are unstable on cosmological time
scales!®?%22 They should be considered as stable {7 > t . .ec) 30d, therefore,
their masses constrained to be m < 100 eV or m 2 5 GeV by considerations of
their present mass density.??®* Neutrinos with some additional spontaneously
broken global interaction could, however, easily circumvent these mass Limits.
Massive neutrinos may decay into lighter ones by the emission of a Goldstone
boson, ¥ — vG. Goldstone bosons are the zero mass, spin zero particles gen-
erated by the spontaneous yiolation of a global symmetry. There is one of them
per every broken generator and their couplings to fermions are derivative. Thus,
their coupling constants are inversely proportional to the breaking scale of the
global symmetry.

There are two models of this kind in which neutrinos could be cosmologically
relevant??>2! (ie. where the annihilation v -GG does not eliminate cosmic
neutrinos as soon as they become nonrelativistic). In one of them?®*%3 the global
symmetry is interfamiliar or, as it is called, horizontal: it relates leptons and
quarks of the same electric charge into multiplets®l. The same operator which
changes g into e within a multiplet transforms ¢ into u, s into d, and v, into v,
within the others. Therefore the decays s — ef, K — #f, and v, —vf are
related. We use { for “familons” (following Wilczek?®) the neutral Goldstone

bosons characteristic of the spontaneous breakdown of global interfamiliar sym-



metries. The experimental bounds on the first two decays imply that the break-
down scale, F, must be F 2 10!® GeV. If the interfamiliar symmetry contains
the U(1) of Peccei and Quinn®® (it is not necessarily so} an “‘invisible” axion will
appear together with the familons. Cosmological implications of axions force
another bound F < 10'2 GeVZ, A comparison between the first and the last

mentioned decays leads to a lifetime

3
100keV } yr (1)

F 2
r(/ — v &'102[ ] [
( ) 1010 GeV m,

for the decay of a massive neutrino ¢/ into another one v whose mass is negligi-
ble. Notice, that, since there are many familons, every one mediating a particu-

lar decay, there are no relevant mixing factors contributing to eq (l)fml.

There is another model in which invisible decays of this kind are produced?!.
The global symmetry is now the Up(l) of lepton number {thus, it does not
involve quarks). Moreover, the Goldstone boson, called here the Majoron!?
(designated by J in the following) does not even couple at the tree level to the
charged leptons. It couples only to the singlet (right handed) components of neu-
trinos. The model consists of adding to the standard Glashow-Weinberg-Salam
model, one singlet right-handed neutrino per generation and to have more than
one singlet Higgs field (two is enough) coupled to them. The lepton number of
the singlet Higgs fields must not be the same, therefore the lepton number of the
three families must differ. Neutrinos of a given generation have both lepton
number conserving Dirac masses mp, and lepton number violating Majorana
masses, M. The vacuum expectation values of the non standard Higgs fieldsspon-
taneously violate lepton number and produce large Majorana masses of order M
for the singld neutrinos (hence the origin of the name Majoron). The masses my,
are of the order of the charged fermion masses. Two types of mass eigenstate

Majorana neutrinos are found: superheavy ones, mainly composed of singlet
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current eigenstate neutrinos, whose masses are of order M, and light ones, the

observed ones, mainly composed of the current eigenstate neutrino members of

2
doublets, with masses mp ~ % The superheavy neutrinos are at scales

beyond the range of present experiments. The Majoron is a certain combination
of the singlet Higgs fields components, and, thus couples strongly to the
superheavy neutrinos, very weakly to the usual ones (only through the small com-
ponent of the singlet current neutrinos that they contain) and essentially negligi-
bly to matter (not at tree level). Hence the existence of this kind of Majoron

cannot be ruled out by experiments; it has only cosmological implications.

This model for the generation of neutrino masses was proposed long ago by

17 However, because it contained only one

Chikashige, Mohapatra and Peccei
singlet Higgs field (the same would happen if there were many but all of them
with equal quantum numbers) it failed to produce fast neutrino decays on a
cosmological time scale®®. In any event, these authors analyzed®® some of the
cosmological consequences of such a decay. They have worried mainly, as we will
do below, about the constraint that the energy density of Majorons, py, should
not exceed the critical density now (gy)y < p.. There are important mixing fae-
tors and Yukawa coupling constants, designed generically as s and h, which con-

tribute to the decay rate of the neutrinos and depend on the particular details of

the model used. In terms of the parameter K,

M
K= — 2
5 (2)
(notice that K is an upper bound to M, because sh < 1) the lifetime for a heavier

/ decaying into a much lighter one and the Majoron?*3 is

9 2 3
P ) =32 B &'102[ K ] I'mokev} yr (3)

m,,? 10°Gev | | my




The difference between (1) and (3) is that, while K could be < 10 GeV (natur-

m m
ally one would expect ;I-)—f— = —MP—} and mixing angles could be easily chosen to
D

allow for some decays and forbid others without involving quarks, the scale of
familons must be F 2> 1019 GeV. See figure (1) for the values of K implied by
Eq. (3).

Axions could be present or absent in both models (though they are com-
pletely disconnected to Majorons and would fit naturally with familons). We will
not consider them. We speak about Majorons in the following but everything

applies, in principle, for familons as well.

The general picture we have in mind is that heavy massive neutrinos, vy,
could dominate the density of the universe for a certain pericd. This period must
begin after they become non relativistic. Unlike baryons, which are frozen in the
radiation field up to recombination, these neutrinos are free to cluster. Therefore
density enhancement in fluctuations can begin before the recombination era, but
still satisfying the limits on 6T /T at recombination. Around the lumps formed
by the heavier neutrinos, the lizhter neutrinos can cluster, when they become non
relativistic. The baryons will eventually fall into these lumps after the recombi-
nation era. After that, the heavier neutrinos decay leaving a hot population of
relativistic light neutrinos iy, and Majorons. The decay cannot occur until

6p,. /P, has grown by a factor 2 5 X 103. Thus the temperature at matter
domination Ty ~ m,, /10 must exceed the temperature at the time of decay, T,

by a factor of > 5 X103 (Neutrinos of mass m, don't dominate the radiation
density until ~ m,/10.) In principle, at this point there are two possibilities:
either this population is still relativistic (and so the density of Majorons now will

be around half of the total, p, + p, + Py =pp + p,,LNR + 2pmq & p., Where

NR

Py, is the mass density of non-relativistic #1’s); or the light neutrinos 1y, pro-
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duced in the decay have become non relativistic at a temperature TELR and dom-
inate the energy density of the universe now (then 2p,LNR + pp = p. and the
density of Majorons should be much smaller than p.). In the first case the
universe would now be radiation dominated (by Majorons and 14), in the second
it would be matter dominated (by ¢4). In either case the large scale dark matter
problem could be satisfied by the decay-product t4's (and Majorons in the radia-
tion dominated cases) and galaxies would have formed from the 14's and retained

those primordial 14,’s that initially fell into the 1 lumps along with the baryons.

Let us estimate (p\)o. We follow the analysis of Dicus, Kolb and Teplitz!®
for a radiation dominated universe (Dicus and Teplitz?® have done a similar
analysis for familons.) The dominant interaction among neutrinos is through the
standard weak interaction neutral current process vy + Uy — v, + Ty, as they
assume.!® Therefore we use their calculations of temperature Tp, and number

density n,, (Tp) at the moment when the heavy neutrino decouple: for

m,, < IMeV, Tp = 3.4 X 10°°K, n, = 3 X 10*? and thus

o= 2, (Tp) [19 K] fdt [__3“_][ ]2 e(mp)/f "

where ty) is the vy decoupling time, t, is the age of the universe now, t, &~ 1.3 to

1.9 X 10%yr. The (1.9°K/Tp)® factor accounts for the volume expansion from
D

1
m

2
tp up to now, —2 is the initial energy of Majorons and L accounts for its
D 1P ) N

red shift; ng(Tp) e 7 is the vy density at the time t (at which the decay
occurs), while % is the probability that 1q has decayed . Since tp ~ lsec the

time of decay will be tp 4+ 7~ 7 and for 7 << t, the previous expression can be

approximated by
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1.9°K)" vr )2
[

IP = ny(Tp) [ T, 5 Moy (5)

This corresponds to the approximation that all the particles decay at a time 7.

Now we require that
pot+ (Pt P~ P+ 0, 0+ 2o S P, =12bf keV em™  (BA)

where hy = Hy/100km/sec/Mpc and p,,LNR ~ 100 m,, fem® which we will see is
<1keV/em®, from nucleosynthesis® we know that 0.15 < p, < 0.4 keV/em?®. If

we neglect py, + pb.LNR relative to p, then
2 oy < 10 b KeV/em? (6B)

which assumes hy? > 0.1, then relation 6B holds for

1
K [ mVH ]? 9
—| < 2.
{10” Gev]~2 TKev) @)
therefore
1 KeV 2
A — ) 4 [PV | 108 b yr . (8)

m,,,

For familons similar constraints hold.*® However, for familons the value

m, == 10 KeV is only marginally acceptable and any lower value is in contradic-

YH

tion with bounds on g — ef and K — #f*>%0. Thus long decay times are difficult,

but not impossible for familons (see in figure (1) the range of values of r and m,,,

for which a value K > 10'° GeV might still be compatible with the bound (8).)
Relatively long lifetimes are required because, as mentioned eariier, fluctua-

tions must grow during the 1y matter dominated epoch by a factor 2 5 x 103

1
That is (m, /T,) 2 5 X 104, or equivalently {t,/7)® < m, /(5 X 10* Ty). Thus

for Ty = 3° K we obtain
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(9)

1 KeV ]2 2.6 X 10°

722X 104t [ 28 x 1 o
2 . (m,,/keV)?

My,
where we have used the constraint that t, > 1.3 X 10'° yr from Globular cluster

ages®l, Relation (9) is consistent with (8) for all by > 0.3. It is also required that

vy's survive beyond recombination at t,. so that baryons can fall into the
T, |
ép/p = 1 clumps. In a radiation dominated universe ¢, = t, l-T—] ~ 1070 ¢,
rec

Thus we have the additional bound that
r>100%t, ¢ > 13 X 104 & yr. (10)

where the factor ¢ is limited by 1 < & < 10* to allow enough time for baryons

to non-linearly cluster around the vy clumps before vy decay. For

1
m, >(14/$%) KeV the bound from {10) supersedes the bound from (8). When

the bound of (10} is applied to equation (8) one obtains the bound on m,,

1

m, < 17 X 10*bhi [/ &% KeV (11)
. i . 1 10 yr o
For a radiation dominated universe t, ~ ~ (actually it will
2H, 2h,

be ~ 10% greater than this due to baryons and non relativistic 1’s being
present} thus the bound of 1.3 X 10 yr on t, requires by < 0.4, and we obtain
the limit m, < 25 KeV . However, we will see below, that this limit can be
strengthened if we assume something about the primordial fluctuation spectrum.
The requirement that the yy decay take place before the present so as to
enable the decay products to be distributed outside the clumps, requires
75 10° yr. Thus from equation (8) m,, 2 0.6 hf KeV. If we assume® by > 0.3

then m, > 60 eV, however below we will supersede this requirement.

The characteristic objects which could be formed when the 1y's dominate
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the mass of the universe have Jean s masses

3 X 1012 Mg
m,, ]2
keV

and thus are greater than § X 10° M which is in good agreement with galaxy

(12)

Jeans

sizes. If we want the 14's to truly solve the small scale problems then we need
Mj.ans < 1018 M, which tightens our lower bound to be m,,, 2 500 eV.

If we assume a Zeldovich spectrum of primordial fluctuations then the

-2/3

power, 8p/p on scales larger than the horizon falls off as M™/®. Linear growth of

the fluctuations begins when the vy's dominate at Ty ~m,,/10. The mass of

baryons, Mg, within the horizon at this time is
: T 4 s
Mp ~ ppmem = 7 (ctyg) (13A)

where tyy is the age at Ty  Since ty= 10%/Ty%(KeV) sec and
Ty ~ 3K ~ 3 X 107 KeV and p, < 0.4 KeV/cm® then

2 X 1072 KeV 15 X 10°

mma(KeV) mma(KeV) Mo (135)

B <

As emphasized by ref (14) scales larger than this are suppressed in their initial
fluctuation by M2/3 relative to the initial 5p/p < 2 X 107% Logarithmic growth
by a factor of ~ 2.5 occurs'* during the remaining radiation dominated universe.

Thus Mg is increased to

6 x 10°

My = Mg(2.5)%? % ———
m,, }(KeV)

Mo (13C)

To produce present day bound (6p/p= 1) clumps of baryons larger than My
requires growth factors of > 5 X 10%. Since galaxies contain 2 10" Mg of

equilibrated baryons it is important that the baryon scale on which §p/p today is
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2 1 be > 101 Mg . Thus there is a need to increase Mp by a factor of > 17
over the coefficient of eq. (13C). This can be accomplished by either (1) having
m,, £ 400 eV 02r by (2) having 7 increase enough to have an additional growth of
2 (17)%%6.5 which increases 7 by a factor of ~ 40 or by (3) having some inter-
mediate combination of the (1) and (2). Since the resultant upper bound ohT,
goes linearly with muﬂ“I the combination of these constraints yields a consistant
solution for all m,,, < 550 eV. Combining this with our lower bound on m,, from
Jeans mass arguments yields a solution for the Zeldovich spectrum only for m,,
close to 500 eV{.FSI(Of course, if the assumption of a Zeldovich spectrum is
dropped then our previous upper limit of ~ 25 KeV still applies.) Note from

equation (13B) that m,, A2 500 eV yields the smallest primordial clump of
baryons, Mg, to be ~ lolwmch would imply that dwarf galaxies form via frag-
mentation during collapse rather than as primordial entities. The 7,,, lifetime for

m,, ~ 500 ev consistent with 0.3 < hy < 0.4 is from ~ 107 to ~ 4 X 107 yr.

We have assumed that the vy, produced in the decay is still relativistic. The

temperature at which the hot population of 14's which has received an energy

1
m

t, 12
 at the time 7 (when the temperature was T, = T, [-7“] ) becomes nonrela-

tivistic depends on its mass (we define T,,TR as the temperature at which the

m
energy E, ~ Tm‘):

LT, ["7“]% . (14)

1

. NR o 3m, (12
The requirement T, < T, implies a bound on m,, m, << 5 [’{‘] .
u

From eq (8) this yields m, < 0.2hfKeV. For hy < 0.4 this yields
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m,, < 30 eV, however the arguments of Ref (1) on neutrino mass densities with

h, < 0.4 supersede and yield m, <8 eV.

The 1 ’s left over from the initial decoupling will become non-relativistic

when T < m,, and will also fall into the density perturbations of the vy's before

the 1y's decayed, to the degree allowed by the phase space constraints®2. This
latter constraint will enable the non-relativistic 14's to form dark matter halos in
clusters of galaxies with a small low velocity fraction of their distribution being
marginally able to cluster as dark halos arourd single galaxies but from phase
space arguments they cannot provide dark matter around dwarf spheroidals.3?
Of course, some baryonic matter must also be dark® since py > p,ip). and this
dark baryonic matter can form halos of dark spheroidals as well as normal galax-
ies. It is important to remember that for hy == 0.4, ), = p,/p. can be as large as

~ 0.25 and thus dark baryons could even provide the dark cluster material, if

necessary. However, the present density of 1’s is [pVLNR]o ~ 10 m, em™, thus

it would be ~ 0.4 p, for the extreme mass of m, ~ 8eV, and by ~ 0.4, also in
agreement with the needs of the dark matter problem in clusters of galaxies, with
the lesser amounts clustered on smaller scales being consistent with a trend of ris-
ing mass/light ratios from single galaxies to clusters”. The vy decay products
could constitute the large scale dark matter yielding a hot unclustered back-

ground.

We can identify the 144's as v,'s and the 14 ’s as the intermediate mass eigen-
state {say v,), and the lightest neutrino (say v,) plays a ncnimportant role.
There would be two populations of v,: the cold one formed by the v, which were
in equilibrium with the radiation and became nonrelativistic at a temperature
T~m,, and a hot one, produced together with the Goldstone bosons. The cold

population of v,’s (and, maybe 2,'s) cluster around the perturbations and form



- 13 =

the dark halos.

A slightly different picture, but with the same features, could be a three neu-
trino scheme, in which the heavier 1y's decay only into the lighter ones,
v, — v, J. The halos would still be composed of the intermediate v,’s, but the
bulk of the rﬁissing energy density would be in the relativistic very light neutri-
nos, v, It is straightforward to get such patterns within the Majoron model

described at the beginning (see Appendix).

In each of the above options the present universe is radiation dominated
even though galaxies form in an epoch when the universe went through a matter

dominated phase. Critical density radiation dominated universes have

t, ~= L As mentioned before this requires Hy < 40 km/sec/Mpec. Although

u ™ 2H0 -

published values for Hy range from 50 - 100 km/sec/Mpe, the advocates®? of 50
have assured us that values as low as 30 cannot be categorically dismissed.
Clearly low values for Hy are an important requisite for these models. Remember
that, as Hy decreases, the limit from nucleosynthesis on g, can be translated into

a larger fraction of p. and even more of the dark matter can be baryonic. Such a

estimatel4.

high fraction of baryons would increase t, to slightly above the

1

2H,

There is another totally diﬁ'erent'possibility: the 14, product of the vy decay
could have already become non relativistic and doininate the energy density of
the universe. This situation is compatible with a lifetime constraints of (9) and
(10) only if the universe again became matter dominated very recently so as to
provide sufficient cosmological expansion to cool the Majorons and 14,’s. Thus we
can still use the evaluation of gy for a radiation dominated universe, then, if we
ask for py, to be a fraction A of p, the Ilifetime becomes

1 keV

vy

2
7 < A% h¢ [ :’ 10°yr | which is  consistent with  (10) for
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1
A> 107° Moy q;% [ - ]_2— Since even in this case the universe spends
1KeV p2 10°yr) ’

much time being radiation dominated, h; must still be < 0.5. Thus

102 m,_&'/? |

A2 KoV and to be matter dominated we have A << (3, + 200,
100m,, (eV)

where {1, ~ ———— .

Thus, for the range in m,, given previously, a matter dominated solution is

possible if

1
3m ry
m, > 2"“ [—tf-’;-] . (15A)

Using the bounds from eq. (10) in (15A) yields

1
m, 2 15X 10°m, &2 (15B)

For a m,, ~ 500eV this yields a matter dominated solution when

m, > 0.75%'/2 ¢V. However, in order for the total density to be equal to the
critical density for hg = 0.5 it is required that m, =~ 10 eV. This requirement is
consistent with the previous limit for ¢ < 300. This latter matter dominated
solution has the appealing feature of being compatible with hy ~ 0.5 rather than
requiring hy < 0.4. In such models a 500 eV 4 has a lifetime ~ 10% yr from egq
(8). As before, this solution still requires fragmentation to make dwarf galaxies
and must use dark baryons as their halos and as some fraction of the normal

galactic halos.

It is interesting to note from equations 2, 3, and 7, that the optimal solution
with m, ~500eV and {1=1 requires the Majoron parameter

K= 2 X 10° GeV, for the radiation dominated solution (m, < 8eV;
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0.3 < hy < 0.4) and K~ 3 X 10°GeV for the mattar dominated solution
(m, =2 10 eV; hy =~ 0.5).

In summary we have shown that Majoron decay of heavy neutrinos to light
ones can simultaneously solve both the large and small scale dark matter prob-
lems. Solutions are only possible for small values for the Hubble constant. The
required value for the Majoron coupling constants is allowed by all present exper-

iments. Of course, proving the existence of such a Majoron is another problem.
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Appendix

We give here the details of a Majoron model in which the heaviest (among
the light ) neutrino ( call it sy} decays into a lighter one (called 14 ) while the
other neutrino is stable (we choose this one to coincide with the current_eigen-
state v,; it could be chosen to be the v, for example, by exchanging the first
and second families below).

Let us take the value of the lepton number for the 1st, 2nd and 3rd families
to be 1, q, and (2q - 1) respectively and consider the case in which the two singlet
Higgs fields added to the standard model,x and x’, carry the lepton numbers -2
and -2q respectively. The doublet Higgs field ¢ present in the standard model
must have lepton number zero, since it couples to the three families: therefore its
couplings, which give origin to the Dirac mass terms, are diagonal. We call these
Dirac masses a, 8 and « for the 1st, 2nd, and 3rd family respectively {they are all
proportional to the vacuum expectation value <¢> ~ 250 GeV) The V.E.V.
<x> and <x'>, which are much larger than <¢> , produce Majorana
masses for the right handed neutrinos: the coupling of x produces only a diago-
nal mass term for the 1st family, a, while x’ produces a diagonal mass for the
2nd one, b, as well as a mixing between the ist and 3rd families, d. This full 6 x

6 matrix for the neutrinos is

000 a00
000050
00000y
—— Al
a00!a0d
030|0b0
004|400

The second family does not mix with the other two, thus we find that the v,

current eigenstate is also a mass eigenstate with mass m, == #/b. Let us diago-

nalize the 4 x 4 matrix which remains when the 2nd family is eliminated from

A-l,
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oD
2
DM
where
D=(37) and M= ad) A3

we consider all the elements real, for simplicity. The matrix A.2 is diagonalized

by following matrix

\'f | DMV,
A4

-M-1DV, I V,

Where Vy and V; are 2 x 2 othogonal matrices (Since some of the eigenvalues
could be negative, in general A.4 skould be multiplied by a diagonal matrix of
phases in order to make all eigenvalues positive). We are interested in V,, which

diagonalizes the sector of light neutrinos

V;r ( D M_l D )Vl = (m)diagonsl AS
It is defined by
gl . ind cosd da
V, = c950 sinf with sin — A6
1 [51118 cosd ) (cos20 — sin%6) ay

Recalling that the Majoron I is

_ Im(<x> x + q<x!' >x')
J= AT
Vx>t + ¢<x! >2

(where Im stands for imaginary part} it is now straight forward to obtain the
coupling constant g of the vertex vyiq I
(m,, + m,)

- Vx> + g<x! >2 2(q - 1)sinf cosf A8

g

Comparing the decay rate

1



- 18 -

when m, is neglected, with equation (3), we can identify the parameter K of eq

(2)

Vx> + g?<x! >?

K 2(q - 1) sinf cosd

A0

From A.8 we can easily check that if the lepton number of the generations coin-
cide, 13 - 1; == 2(q - 1) == 0, the coupling vanishes at this order (A.8 gives the
coupling at leading order in the expansion parameters <¢> /<x> and

<¢>[<x'>).
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FOOTNOTES

There is one exception. This is the case of an Abelian horizontal
group, that is a U(l) group under which each family tramsforms with a
different charge. 1In this case there would be a unique familon whose
couplings with quarks, charged leptons and neutrinos would include
important mixing factors, call them generically sineqq,, sin@ll,,
Sin@vv" The scale F in Eq. (1) should be replaced by F/Sinevv"
This quantity is not strongly bounded by the experimental limits which
indeed would apply to F/Sin@ue of F/sin@nK. This case would be

identical to the Majoron model in relation to mneutrino decays.

For values m, < 500 eV the natural Jeans mass is larger than typical
H
galaxy masses, and thus to produce galaxies some fragmentation process

should occur.

In this case, the lower bound on T almost coincides with the upper
bound cf Eq. (7) for the value h; = 0.4 (the maximum possible if the
universe is still now radiation-dominated). Thus the dotted line in
Fig. 1 should be raised so that it is almost in contact with the
dashed ome corresponding to hy = 0.4, allowing only for the small

+

region shown by the arrow as “preferred solutions™.
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Figure Caption

Fig.(1)The figure shows the curves of fixed lifetime fos the Majoron model,
corresponding to eq. 3. The dashed lines are the upper bound of eq (7) for
different values of hy, while the dotted line corresponds to a lower bound
equivalent to the one in eq. 9. The upper bounds correspond to the limit
from the critical density. The lower bound comes from requiring a long
enough pericd of matter domination. Both bounds would coincide (ieaving
no allowed values) for hg ~ 0.3. We see that ranges 108y > 7 >10'y
correspond to masses of few 100eV <n, <25KeV. The preferred solution

‘with the Zeldovich fluctuation spectrum yields K of a few 10° GeV.
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