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ABSTRACT

We show that late-time (T, < 1 eV) cosmic vacuum phase transitions involving
majoron-like models of the weak interaction could give rise to spatial inhomogeneities
in the distribution of neutrinos. These density perturbations would be born in the non-
linear regime and could have masses in the range of 10 Mg-10'? M. If the fluctuations
are shells, as expected, and there is gravitational modification of the original phase tran-
sition nucleation scale then the upper limit on their masses could be considerably larger
(=2 10'® M), possibly encompassing the largest structures in the universe. The motivation
for this work stems, in part, from recent speculations on massive neutrinos as the dark
matter and the possibility that future experiments (i.e. solar neutrino experiments ) may

suggest new, low-energy scale, weak interaction phenomena, like neutrino flavor-mixing.
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I. Introduction

Recent studies have explored how late-time (after photon decoupling) phase transitions
may account for some aspects of large scale structure formation in the universe!'2®. These
models represent an alteranative to the standard picture. The standard galaxy formation
ideas involving gaussian primordial fluctuations from the end of the inflation epoch with
some variety of cold dark matter may have difficulty reconciling the existence of highly
evolved structures at redshifts z > 4.5 and the existence of ubiquitous large structures such
as the “great wall " or large scale velocity flows with the high degree of isotropy observed
in the cosmic microwave background radiation!. Although the current data is not yet
unequivocal in this regard it is worth while to explore alternatives to this standard picture.
An alternative model is to have the generation of fluctuations occur after recombination.
Such late phase transition models can usually circumvent background radiation anisotropy
bounds, and may even expiain the largest observed structures in the universe, such as the
possible “bubbles ” associated with the recently reported ( though as yet unconfirmed )
redshift quasi-periodicity®®. In this paper we point out how some weak interaction models
might yield late phase transitions which produce nonlinear fluctuations directly at late

times.

I1. Nonstandard Weak Interactions
The triplet majoron rnodell7 for the weak interaction has the interesting property that
neutrino-neutrino scattering cross sections can be very much larger than in the standard
model. Raffelt and Silk® have discussed how the large neutrino scattering cross sections,

and concomitant short mean free paths, in such a model might allow light neutrinos in
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the early universe to mimick cold dark matter. We now know, however, from the recent
Z9 width experiments® that the triplet version of the majoron model must be incorrect.
The triplet of Higgs fields inherent in this model gives a coupling to the Z°% that counts as
8/7 of a neutrino species and since the experimental result is that the equivalent number
of neutrinos® in the Z° decay is N, = 2.98 £ 0.06 (in close correspondence to the known
number of neutrino families), we must rule out the specific couplings in this model. The
same conclusion would apply to any model of the weak interaction in which neutrinos and
the intermediate bosons couple to light scalars. The singlet majoron model is not ruled out
by these experiments, but this model lacks the enhanced neutrino-neutrino scattering cross
sections of the triplet model. Nevertheless there are suégestions of weak interaction models
which might retain some aspects of the triplet majoron model (especially the enhanced vv-
interactions) yet evade direct coupling to the Z°. These models avoid strong Z° couplings
by invoking right-handed neutrinos'®.

Since the triplet majoron model has the essential points of weak interaction physics
we wish to explore, and is particularly simple to calculate with, in what follows we will
sometimes refer to it for illustrative or demonstration purposes. However, our argun:;ents
merely presume the existence of massive neutrinos and some extra vv-coupling consistent

with known constraints!:12,

Only in this regard will we assume that the actual weak
interaction shares some general properties of the triplet majoron model.
We require that neutrinos have zero mass at high temperatures and acquire masses

when the temperature drops through a critical temperature T.. This might be engineered

in a manner similar to the majoron models by invoking a symmetry breaking transition. In
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these models a U(1) charge symmetry associated with lepton number or family symmetry
is spontaneously broken at low temperature. The masses of neutrinos are related to the
vacuum expectation value of the part of the Higgs field (< V' >) corresponding to lepton

number or family symmetry by

m,, =gi<V>, (1)

where { runs over e, y, and 7, and g;; is a small number characterising the strength of
the coupling. In the case of electron neutrinos in the triplet majoron model, laboratory
double beta decay and supernova considerations yield an upper limit g, < 10~* 1213
The coupling constants for the other neutrinos are not known but must be g;; < 1 in this
model. Any model of the weak interaction which builds in a nonstandard vv-interaction
strength must not exceed the experimental bounds on these properties!?:12:13,

We will assume that there is a first order phase transition associated with whatever
mechanism generates neutrino mass and extra interactions. In this case the stable, low
temperature, or broken phase nucleates via thermal perturbations or quantum tunneling
in the manner described by Colema.nl“”s"ls. Bubbles of the broken phase nucleated in this
manner expand until they coalesce. In the unbroken phase the decoupled neutrinos are
massless and free-str_eam to the horizon; whereas, in the broken phase the neutrinos may
form a tightly coupled fluid, with short mean free paths, though they remain decoupled
from the rest of the matter and radiation since they only interact weakly with these
particles. In the triplet majoron model vv-scattering can be mediated by the Nambu-

Goldstone boson associated with the U(1) symmetry breaking (the “majoron ”). The
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vv-scattering cross section in this case is roughly

4 4 ~2
~ 9 -2 -3z 2y f_9 T
o~ 1611‘T ~ (2.5 x107*em )(10_5) (BV) . (2)

where g is one of the gi;. This cross section can be large enough that the neutrino mean
free path would be very short compared to the nucleation scale of the phase transition. In
the broken phase the neutrinos will be equilibrated among themselves when T, ~ 1 eV, and
one expects the neutrinos to feed into the lightest species®, because in the triplet majoron
model lepton number is not conserved in vv-interactions. Lepton number violation is, of
course, specific to the majoron model. In the triplet majoron model the lightest particle
would probably be majoron particle itself. For temperatures T, < 1 eV the neutrinos may
not come into equilibrium, given bounds on extra or “secret ” neutrino interactions??12:13,
though the mean free paths in the broken phase may still be small compared to the horizon.

In the triplet majoron model the mean free path for neutrinos in the broken phase is

approximately

-1 _, - -1 g -4 T -1
A (no) ! a 1672974 T & (3 x 10”cm)(i6—_-g) (;‘;) , (3a)

bl

where we assume that the number of target neutrinos and “majorons ” is very roughly

n =~ T*. The diffusion length in some fraction of a Hubble time, §H ™!, is then

hais ~ (SH™1M)2. (3b)

We note that the Hubble time at this epoch is of order H~1 & mplT“z, where m,; is the

Planck mass, even though we are close to the matter dominated epoch if T &= 1 eV.
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The ratio of the diffusion length in time §H ! to the free streaming length ( §H~1 )

_ Qais (A N w1 N (4)
TTEH T \SH1) T @ \my)

where the last equality is only for the triplet majoron model. We will assume that the

is

actual weak interaction has roughly this order of strength for vv-scattering,.

III. Late Phase Transitions and Phase Separation
A first order phase transition associated with the change in neutrino properties is
required in order that phase separation takes place. Hogan has given a simple model
for homgeneous nucleation of phase in the small supercooling limit!®. In this model the

nucleation rate per unit volume is assumed to be of the form
p(T) = CT*e=5D), (54)

where S(T) = ¢ (T;-‘T) is the nucleating action, C is an unimportant scale factor of
order unity and a is a monotonically increasing function of temperature. Integrating the
nucleation rate through the epoch of bubble coalescence (the end of the phase transition)
and assuming that the bubble walls move at the speed of light yields an estimate of the

time required for bubble coalescence, expressed here as a fraction § of the Hubble time

§ = (4an ("1’,:‘ )) _1; (5b)

where B is the logarithmic derivative of the nucleating action §, in units of the Hubble

H™1

time at the epoch of the phase transition and has been argued to be of order unity!S.

The scale é results from the comparison of a rapid nucleation rate and the very slow
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gravitational expansion of the universe. In this limit most bubbles will be of size §H~}
at coalescence. This is because larger bubbles would have to have been nucleated early,
near T,, where the nucleation rate is exponentially small, and smaller bubbles would have
to be nucleated near the end of the phase transition where the effective nucleation rate is
again small since very little unbroken phase remains. Subsequent to the phase transition,
gravitational interactions may modify the effective fluctuation scales by affecting mergers
or fragmentation of bubble walls:%317. The distribution of bubble sizes at coalescence
and the extent to which the resulting structure resembles a lattice or tessalation will be

discussed elsewherel?

IV. Bubble Wall Motion and Neutrino Density Fluctuations

The Coleman!t picturg in which the bubble walls rapidly accelerate to the speed of
light is strictly true only in the T = 0 limit. In the late phase transitions we consider
here the neutrinos are massless on one side of the phase boundary and massive on the
other. Energy and momentum conservation then require that the speed of the bubble wall
associated with the phase boundary be less than the speed of light. This does not gréatly
effect the analysis of the mean bubble size discussed above!®, so long as the wall moves
near the sound speed. Were the wall o move considerably more slowly than this the mean
bubble size will differ from that given in equation(5b). The fluid velocities on either side
of the wall can, in principle, be found from analyses of relativistic shocks and detonation

18,19,20

waves in the extreme limit where the neutrinos constitute an equilibrated fluid. We

can, however, identify two relevant regimes: first where neutrinos in the broken phase are
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nonrelativistic and could dominate the universe; and the second where neutrinos may be
relativistic in both phases.

Where neutrinos in the broken phase are nonrelativistic the bubble wall will resemble
a detonation front moving into a collisionless-relativistic fluid, and leaving behind a non-
relativistic luid of neutrinos which may dominate the mass-energy. If the weak interaction
had the lepton number vioiating character of the triplet majoron model then, as discussed
above, the broken phase would consist of the lightest neutrino or coupling-boson. In this
case, discussed in reference 8, neutrino domination could occur only in the unlikely situa-
tion where the v, is the lightest neutrino, with a closure mass of order 15 eV to 40 ¢V. Not
only is this mass range for the v, potentially subject to experimental elimination!!, but
the triplet majoron model would be incapable of producing a neutrino with closure mass if
the temperature is T, < 1 eV ( see equation 1 ). We emphasize that this unlikely scenario
is peculiar to the triplet majoron model alone and will not characterize the extensions of
the standard model of the weak interaction which we require in this paper. For instance, a
weak interaction model which retains the “strong ” vv-scattering cross sections but where
flavor changing reactions are either absent or of normal weak interaction strength; le.
insignificant, could allow the v, to dominate with a mass in the range required for clo-
sure. This is obviously a more viable scenario from the standpoint of schematic models of
neutrinoc mass hierarchies!®.

Although there is no direct experimental evidence for massive neutrinos, there are
suggestions that neutrino mass could play a role in the solution of several problems in

astrophysics. Notable amoung these are the solar neutrino problem?! and the missing-
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mass/dark-matter problem. The Z%-width experiment has greatly narrowed the field
of dark-matter particle candidates?, underscoring the importance of neutrinos. Particle
physics models and MSW-mixing schemes for the solution of the solar neutrino problem
suggest that the v, or v, are likely the most massive neutrinos, and therefore the best
candidates for a closure mass neutrino.

In the limit where the mass of neutrinos change discontinuously at the phase boundary
there are two effects which may act to concentrate neutrinos and, hence, mass. First the
increase in mass at the phase boundary means that neutrinos striking the wall from the
unbroken medium may have an appreciable probability to bounce back into the unbroken
medium?2. The wall will then tend to push neutrinos ahead of it, and this enhanced
density wi-ll be preserved when the walls collide. Furthermore, since the neutrinos will
interact strongly with the wall, and the broken medium behind it, they will decelerate
when they finally are overtaken by, or otherwise cross, the wall. This implies that the
neutrino density will be enhanced immediately behind the wall in the broken phase. We
_call this process the “fiypaper” effect, although of course neutrinos coulci move both ways
across the phase boundary.

In the limit where the wall moves sufficiently slowly an estimate of the neutrino density
jump across the wall can be made from detailed balance: equating the fluxes across the
wall in both directions yields a rough neutrino concentration factor of at least order the
neutrino velocity ratio, r~! = (ZT/my)_ll %, In fact the concentration factor will be
larger than this when proper account is taken of energy and momentum conservation at

the phase boundary. In the hydrodynamic limit for the neutrino gases, the wall would
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resemble a detonation front where relativistic neutrinos are converted to a nonrelativistic
fluid. The Chapman-Jouget condtion would apply in this case so that the velocity of the
fluid behind the front would be the sound speed. The neutrino density in such a model
would be enhanced in a thin layer behind the front by a factor that depends on the ratio
of the upstream and down stream fluid velocities, and which could be large. The strict
hydrodynamic limit is unlikely to apply here, however, because the neutrinos upstream
of the wall are collisionless, and the mean free paths of neutrinos in the broken medium,
though small, may s@ill be large compared to the thin enhanced-density zone length scale (
or maybe even the rarefaction zone scale) one would calculate in the hydrodynamic limit.

One can get an idea of the “hydrodynamic ” concentration factor by taking account
of the diffusion of neutrinos away from the front into the broken medium and the resultant
lower limit on the length scale of the density-enhanced region. The concentration factor,
r~1, will be larger than the ratio of the bubble size to the neutrino diffusion length in a
coalescence time: r—* > (6H ™1/ )\)” ?, This will be adequate for our subsequent analysis
because all we really need to know is that the fluctuations will be in the nonlinear regime,
corresponding to r~! > 1.

If the mass in the horizon ( neutrino dominated ) is M}; then the mass in the shells

produced at the end of the phase transition will be M},,;;,. where,

My, vsic o~ as2f W -1
MY, ~ 36 (—H_l)r . | (6e)

where w is the width of the enhanced density region when the walls collide. If most of the

wall’s width is due to diffusion, as argued above, then

w ' A\
H_lzalﬂ(-ﬁ—_—i-) . (6b)
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If neutrinos or baryons are subsequently accreted on these structures then the relevant
mass scale of the fluctuations, for the purpose of comparison with structures at the present

epoch, would be just the total mass enclosed in radius 6H ! so

Mbv bbi -
—1\;}} €~ 5371, (6c)

We caution that gravity may significantly alter the bubble geometries between the end
of the phase transition and the present epoch, as previously explained, so that it is not

clear what value of § to employ in equation(6c). A reasonable range for § would be

107% < § < 10™% so that 102M@ < M S 1013M@, where we have assumed a value of

r~1 consistent with the triplet majoron model value in equation(4). The lower mass limit in

this range comes from the demand that the neutrino diffusion length in a coalescence time
is much less than H~?, so that we are safely in the'diffusive limit in the broken phase during
the phase transition. In the case of the triplet majoron model this constraint would mean
that § >> 1072%¢g=4(Z). The upper limit on the bubble mass range is set by the demand
that the fluctuation not perturb the temperature of the cosmic microwave background
radiation by more than 91—’:'1— < 107%. An upper bound on the induced anisotropy for a

spherical fluctuation due to differential red-shift /blue-shift is?

%2 < Gpl* » (:—i) T3(6H1)?, ()
where G is the gravitational constant, p the mass density and ! a typical size scale for the
fluctuation. However, if the fluctuations are shells then the upper limit on the mass of the
bubbles is considerably relaxed so that, in principle, M}, ,,,. could encompass the largest

structures in the universe, M = 10'® Mg, corresponding to 100 megaparsecs at the present
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epoch. We note, however, that this would require a significant increase in the effective
6 over the nucleation scale of equation(5b). This increase would have to be affected by
lgravitationa.l processes®3.

We could extend this discussion to'phase transitions with T, > 1 eV, but we would
need to make several modifications in the calculation of the expected cosmic background
radiation perturbations. These perturbations would be considerably larger than in the
post-photon-decoupling case. Additionally the phase transition treatment would have to

be modified to account for relativistic neutrinos in each phase, though the magnitude of

the neutrino concentration effect would be comparable.

V. Conclusions

In conclusion, we have extended the work of Raffelt and Silk® to include the effects
of phase seprartion induced by a first order phase transition associated with the epoch
when neutrinos acquire masses and, possibly, extra interactions. Of course the paradigm
model for the weak interaction used in previous studies, the triplet majoron model, is
incorrect. Nevertheless we have demonstrated that extensions of the standard model of
the weak interaction in which neutrinos have mass and additional interactions may lead
to nonlinear perturbations in the spatial distribution of neutrinos. If particle physicists
find such a model then it may have important implications for the production of structure
in the universe, because if the phase transition which generates the fluctuations occurs
7 after the photons decouple then induced cosmic microwave background perturbations will
be below present observational bounds over a wide range of mass scales. Finally, if the

current Ga-solar-neutrino-experiments do suggest an MSW neutrino oscillation solution
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to the solar neutrino problem, then new physics involving neutrino flavor-mixing will be
indicated. Perhaps such new physics will involve enhanced »v-interactions or late phase

transitions.
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