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Fermions trapped inside a closed domain wal l  may cool to degeneracy and 
form a long-l ived structure. In the context of spontaneous left-right 
symmetry breaking, we show that trapped right-handed neutrinos cool due to 
amihilations to electron-positron pairs if the initial temperature is less than 
0.21me. The surface tension or the wal l  must be less than (1.93 TeV)3. The 
l ifet ime of the neutrino-bal l  (NB) is determined by neutrino amihilat ion to 
three photons and may be comparable to the age or the universe. These NBs 
are in the 104-107 solar mass range and radiate lf-rays in the few hundred Kev 
range at a rate or 1040-1043 ergs/sec. NBs die in a 1056-1059 erg 
electron-positron burst. 
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Domain wal ls, l ike monopoles and cosmtc strings, may form during phase 

transit ions as the early universe cools. In fact they must arise when there is 

a spontaneous breakdown of a discrete symmetry. But if wal ls form there 

must be at least one wal l  per horizon volume, by causal ity. This leads to a 

cosmological disaster, since this wal l  wi l l  eventual ly dominate the total 

energy contained in the horizon volume. Therefore if wal ls form there must 

be a mechanism to remove the " infinite wal ls", the wal ls which stretch across 

horizon volumes. Two ways have been discussed (see (I] for references). One 

involves the presence of suitable cosmic str ings. Loops of string puncture the 

wal l and the whole system of holey wal ls and str ings bounding wal ls can decay 

away before wal l  dominat ion. Another possib i l ity involves a sl ight exp l icit 

breaking of the original discrete symmetry. Further discussion of the wal l  

removal mechanism i s  not required here. 

Does this imply that there are no remnants of a possible wal l  era in the 

ear ly universe? One remnant occurs if wal ls in som�� region happen to 

col lapse into a black hole. We may estimate the mass of such a black hole by 

considering a wal l  in the form of a spher ical bubble. If the bubble is too large 

it becomes a black hole. If <J is the mass/area of th1i wal l  then the mass of 

such a black hole is 

M � (16rrG2<Jtt � 106-9/<J[TeV3J solar masses. (I) 

This result relates two interest ing mass scales. 106·-9 solar masses is at the 

upper end of the mass range of supermassive black holes discussed in 

connection with quasars and galactic nuclei. And on1i TeV is a mass scale in 

part icle physics at which new physics is expected. 

Here we shal I discuss another possible remnant of a wal I era. This occurs 

when the bubble traps part icles, and the result  is analogous to a bal loon. To 

see when this occurs consider two real f ields 'll1 and 'll2 with a potent ial 

having the discrete symmetry 'P1 tt 'll2; 

V('P1.'ll2) = A('lli2 - 'llo2)2 + A('P/ - 'llo2)2 + ).'lli2'P/. (2) 
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For a range of coupl ings there are two degenerate vacua, either (cp12) = O , 
<cpi> = %2 or (cp12) = cp02 . (cp22) = O. In either vacuum the masses of the cp1 
and cp2 part icles are different, and these masses are interchanged in the other 

vacuum. Thus a discrete symmety which interchanges f ields has yielded 

part icle masses which change across a wal l .  

Left-right symmetr ic particle theories have a parity symmetry under 

interchange of left- and r ight-handed fermions. To descr ibe the real world 

this symmetry must be spontaneously broken. Then the theory wil l  have two 

degenerate vacua, as in the previous example, which may be distinguished by 

large values for one or the other of <vd1L) or <VAVA> for some fermion v. 
On one side of a wal l  VL has a large Majorana mass and VA is l ight, whi le on 

the other side the roles are reversed. On the f irst side if a VA particle has 

insufficient energy, it cannot penetrate the wal l. 

The logical candidate for v is the neutrino. � is a singlet under the known 

gauge interactions SU(3)xSU(2)xU(I) and is therefore al lowed to have a 

Majorana mass larger than the scale of weak interactions. <��> ;z: 0 may 

therefore be the order parameter which spontaneously breaks a left-right 

symmetric theory down to SU(3)xSU(2)xU(I). In other regions of the early 

universe it may instead be Vi_ which is very massive, and domain wal ls wi l l  

separate the two vacua. The very massive neutrinos quickly decay away in a 

theory of this sort and we are left with l ight neutrinos of opposite chirality 

on opposite sides of a wal l .  The wal l  is opaque for these neutrinos whereas it 

is transparent for all other l ight part icle species. A closed domain wal l  which 

traps �·s on the inside wil l  be referred to as a neutr ino-bal l (NB). 

The NBs of interest wi l l  form near the end of the wal l  era, before the 

wal ls start to dominate. We assume that a smal l  number density of NBs 

escape the infinite wal l removal mechanism. 

We consider static spherical NBs since background neutr inos damp 

osci l lat ions. The trapped relativistic neutrino gas has a pressure 1/3p which 
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balances the pressure 2<:J/r due to the surface tensioin <:J, giving p = 6<:J/r. The 

total mass of the NB is then M = 4rrr2<:J + 4/ 3rrrlp = t:2rrr2<:J. This also shows 

that 2/ 3 of the total mass is neutrino energy and 1/ 3 is wal l  energy. The initial 

energy density and number density of neutrinos, Pi and ni, are determined by 

the initial temperature Ti. For a given <:J, Ti determines al l  NB propert ies. 

Neutrinos may annihilate into other particles which may then escape. They 

annihilate weakly, �l'R 9 e-e•, with standard weak cross-section <:J � GF2me2· 

(The weak interactions are standard, except that theu are parity f l ipped.) They 

may also annihilate into photons via a one-loop graph obtained by closing the 

electron l ines and attaching photons. The two photon ampl itude is suppressed 

by the neutrino mass.11 The three photon mode goes via a dimension to 

effective low energy operator, and this yields the estimate <:J� GF2cxlEv10/me8· 

This smal l  one loop quantum effect turns out to det��rmine the NB l ifetime. 

We wi l l  discuss three phases of NB evolution. The first is a cool ing phase 

due to the e-e+ annihilation mode. The second is a long-l ived radiating phase 

causing a slow shrinkage in size. The third is an explosive death occurring at 

a cr it ical size when the e-e+ annihilation mode turns back on. 

But the initial cooling requires that Ti be sufficiently below me. Then only 

the neutrinos on the high energy tail annihilate, and the average energy, pin, of 

the remaining neutrinos fal ls. This produces a nonzero chemical potential Jl, 
the same for 1'R and �- (We consider equal numbers of l'R's and �·s.) The 

annihi lation rate slows and the neutrinos slowly approach degeneracy. 

We wish to derive the critical Ti below which this happens. This wi l l  

translate into a lower bound on the mass for a long-l ived NB. Most neutrinos 

which annihilate wi l l  have energies close to me. This al lows us to relate the 

change in the total mass of the NB to the change in the total number of trapped 

neutrinos, dM/M = 2/3(menlp)dN/N. This in turn impl ies the fol lowing relation 

between change in number density and energy density,, 

dnln = {-(3p/men) + 3}dp/p. This relation may be solved to yield 
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w(x) = xy+x3(1-y) (3) 

where x = plpi, w !! n/ni, y = Ti/TC• and Tc = 0.21155me. 

On the other hand for complete neutrino degeneracy, rl(j = 2_µd3/31T2 and Pd = 

_µd4/2n2, and this gives wd(x) = l.9244xY4. Thus the NB approaches 

degeneracy only if there exists an Xm: (after cool ing) such that w(xm:) = 

wd(xm:)· This occurs if y � 1.000231. 

This sets a lower bound on the initial NB mass since Mi = Mcy-8 where 

Mc :::: 0.5x1Q5(o'[TeV3])3 solar masses. On the other hand the initial mass must 

satisfy 2GMi � q or else the NB is a black hole. This gives an upper bound Mi � 
1.3x1Q8/<1[TeV3] solar masses. These two bounds on Mi are only consistent if 

<11/3 � 1.93 TeV. (We have assumed two neutrino flavors.) 

It is possible to obtain the function Xm:(y) = Pm:IPi = r 1/rm: (see [I] for a 

plot). But for y not too close to unity, say 0.95 or less, we f ind that Xm:(y) 

increases very slowly with y, with Xm:(0.9) :::: 2. We also f ind that the 

chemical potential after cooling Jlm:(y) increases very slowly with y, with 

J!m:(0.9) :::: 1/ 2me. Above y :::: 0.95, J!m:(y) rapidly approaches me. 

We may estimate the t ime scale for cooling, 't'c. We set 1/'t'c :::: (dN/dt)/N = 

(dn/dtl8110)/n where dn/dtl811n is due to annihi lat ions and not to the changing 

volume. This is calculated using the weak cross section and using the number 

density of neutrinos with energy greater than me. We f ind 't'c :::: 

2x103yexp(9.45/y) sec � 1 year. 

As the neutrinos cool and approach degeneracy annihilations to electrons 

become less and less frequent. Eventual ly annihilations to photons becomes 

the dominant energy loss mechanism. Annihilations to electrons sti l l  occur, 

but only occur to the extent needed to keep the neutrinos close to degeneracy. 

We may f ind the fraction p(t) of annihilations which produce photons. The 

relation, dn/n = (-(3p/E n) + 3)dp/ p, is derived as before where E is the average 

energy of an annihilating neutrino. But since the NB remains close to 

degeneracy we have dn/n = 3/ 4dp/p, which then requires E = _µ(t). We may write 
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E = 1lJJ(t)p(t) + ffie(l-p(t)) where 1lJJ(t) is the average energy of an annihilating 

neutrino when photons resul t. (11 is some rumber l ik1e 0.9.) In this way we 

obtain p(t) = (ffie - JJ(t))/(ffie - 1lJJ(t)). We thus f ind tllat p(t) � I as long as JJ(t) 

is sufficiently less than me. Only when JJ(t) * me do annihi lations to 

electrons again become important. 

The l ifetime 'l: of a NB is the time it takes the NB to shrink and heat up to 

the point where JJ(t) + me. We estimate this t ime to Ile 'l: � (dN/dt)/N � 

(n/4)o(w .. ?f?f?f) � (ffie/.1-'i.::)13m14-15 seconds. The factor (ffie/.J.lac)13 is � mJ 

for y = 0.95 and � ms for y = 0.75. We thus find a l ifetime which is of order 

the age of the universe. It is of interest that this estimate of the l ifetime is 

obtained from known physics and is independent of o, the unknown mass 

density of the wal l. 

A typical NB has a radius of IO - 100 l ight seconds, a mass of m4-7 solar 

masses, and radiates few hundred Kev ?f-rays at a rate of m40-43 ergs/sec. In 

the final burst the NB converts into ms6-59 ergs of e+e- pairs. Note that the 

last three rumbers quoted vary as o3; we used oV3 � 1 - 2 TeV. 

We have not discussed NB production But we do know that it must be very 

inefficient; more than one NB for every � m6 horizoin volumes at the time of 

formation would lead to NB domination We also expect that most long-l ived 

NBs are of similar size close to the minimum size; very much larger ones 

would be extremely suppressed. 

Various astrophysical questions remain The NB mass range makes them 

candidate seeds for galaxy formation Then perhaps MBs are located in 

(active?) galactic ruclei. And note that NBs accrete matter, possibily 

result ing in supermassive black holes. But even if most or all NBs expired in 

the past, their imprint could sti l l  be left on the X-ray and ?f-ray background. 

1) B. Holdom, Phys. Rev. � (1987) IOOO. 


