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Charged vacuum bubble stability
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A type of scenario is considered where electrically charged vacuum bubbles, formed from degenerate or
nearly degenerate vacua separated by a thin domain wall, are cosmologically produced due to the breaking of
a discrete symmetry, with the bubble charge arising from fermions residing within the domain wall. Stability
issues associated with wall tension, fermion gas, and Coulombic effects for such configurations are examined.
The stability of a bubble depends upon parameters such as the symmetry breaking scale and the fermion
coupling. A dominance of either the Fermi gas or the Coulomb contribution may be realized under certain
conditions, depending upon parameter values.
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[. INTRODUCTION forces on the stability of an electrically charged vacuum

bubble. In this type of model, the long range Coulombic

Domain wall formatiorn{1—3] can result from the sponta- force tends to stabilize a thin walled bubble against flattening
neous breaking of a discrete symmetry, such Zs symme- and fragmenting, so that the final equilibrium configuration
try. If, however, the discrete symmetry ligased[4], where ~ can consist of a larger, thin walled, charged vacuum bubble
the formation of one protodomain is favored over that of thelnstead of the smaller Fermi ball. For a bubble populated by
other (or if the discrete symmetry ispproximate[5,6],  Only one species of fermion, the relative importance of the
rather than exact, so that the probabilities of forming do-Coulombic and the Fermi gas contributions depends upon
mains of different vacua become unequahen there can the number of fermions in the bubble. Furthermore, as

result a network of bounded domain wall surfaces. This netpointed out .in Sec: ”.’ the stability of the cha.\rge.d bubble
work of “vacuum bubbléswill evolve in a way that is against fermion emission and charge evaporation is found to

dictated by the interactions between the scalar field givin depend on the strengths of model parameters such as the

. ) . Yermion coupling constanGg and the symmetry breaking
rise to the domain \{vall and other fields. A vacuum bUbeescalen. A bubble that is not stable against charge evapora-
formed from an ordinary domain wall not coupled to other

il field d hecked coll d tion, due to the existence of a critical strength electric field,
particles or fields undergoes an unchecked collapse due {, ¢5se electron-positron pairs to be produced near its sur-

the tension in the wall. However, if there is a coupling be-tce Ejther electrons or positrons are then attracted to the
tween the domain wall scalar field and one or more fermionsy,pple surface to partially or completely neutralize it, with

it is possible for the fermions to heIB stabilize the bubble.the result that the vacuum bubble ends up supporting two
For instance, an interaction ter@g¢ iy, where ¢ repre-  species of fermions, which increases the Fermi gas contribu-
sents the scalar field forming the domain wall, generates #on while decreasing the Coulombic one. Such vacuum
massmg for the fermiony. If ¢— £ 5, mc—Ggn asymp-  bubbles inhabited by two fermion species are examined in
totically outside the wall andp— 0 in the core of the wall, Sec. lll. Specifically, we look at completely neutralized
then it becomes energetically favorable for the fermions tdoubbles and near-critically charged bubblésith near-
populate the core of the wall, with the fermions experiencingeritical surface electric fields Bubble sizes and masses are
an attractive forceF~—GgV¢. A thin walled vacuum estimated for limiting cases of special interest, and parameter
bubble may then feel a force, due to the existence of afonstraints are estimated. A brief summary of the results is
effective two-dimensional Fermi gas pressure, that tends tgresented in Sec. IV.

slow or halt the collapse of the bubble. This type of effect

plays an essential role in the “Fermi ball” modgf], for Il. CHARGED VACUUM BUBBLES WITH A SINGLE

example, where heavy neutral fermions acquire mass from EERMION SPECIES

the domain wall scalar field. The resulting bag configuration ) ) o )

face area, but, because the bag is unstable against flattenifigiarged fermion is generated by a scalar field, as might be
the bag can flatten and subsequently fragment into mangtescribed by the interaction ter@g¢ ¢y, and the scalar
tiny, thick walled Fermi balls that are supported by the Fermifield forms domain walls wheré=0 in the core of a wall,
gas. Fermi balls can serve as candidates for cold dark mattethen it becomes energetically favorable for the fermion to
and such a model can arise quite naturally in supersymmetrieeside inside the wall where it is massless. A domain wall
theories in response to softly broken supersymmigiy then acquires electrical charge due to a population of charged
Here, a similar type of model is considered where thefermions. Consider the case where the domain wall arises in
fermions populating the bubble wall have an electri)U response to a broked, symmetry, with the domain wall
gauge charge, and attention is focused upon the effects of theterpolating between two distinct, but energetically degen-
domain wall tension, the Fermi gas, and the Coulombicerate, vacuum states. If the discrete symmetry is biased
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[4], so that the probabilities of forming domains of different 4\[7N32
vacua become unequal, then there can result a network of E=3S+|———=—+a/7aN?|S 12 (5
bounded domain wall surfaces which may evolve to give rise 3Vg

to stable or metastable charged vacuum bubl§l&e could L )

also consider the case where tAg symmetry is approxi- ©&n be minimized with a surface area of
mate, with the difference in vacuum energy densities being 3
sufficiently small that it can be safely ignorgdlet us focus 4aN AN
on a single spherical domain wall bubble that encloses 3\/6 aNm
vacuum(say, ¢= F n) and is surrounded by vacuufsay,

¢==* 7). In the thin wall approximation, the bubble can be corresponding to an equilibrium radius of
considered as a two dimensional surface populated by mass-

1
_ 2_
S=47R°= [ S

213
} : (6)

less, electrically charged fermions. The bubble is then con- 1\Y2[ 1 [4=wN32 s
sidered to carry a uniform charge= Ne (but no spatial elec- = ( E) o5 —\/_+ aJN2 . (7)
tric curren}. The configuration energy¥ of the bubble 3Vg

receives contributions from the surface enekgygf the wall,
the two dimensional Fermi gas enerfly, and the Coulomb
self energy:. The new feature in this model is the inclu-
sion of a long ranged (1) gauge field which can help to

Note that the surface area independent ratio of the Coulomb
energy to Fermi gas energy is

& 3

stabilize the bubble against collapse and fragmentation, as — = \JgaN¥2~ oN2 (8)
takes place in the electrically neutral Fermi ball model, for & 4
instance. A model of the type under consideration here might )
be described by a Lagrangian of the form From Eqg.(6) we can write the surface area of the bubble
as
i
L=5(d¢)*+y(iy-D-Ged) ¢ 1 (4JEN3’2+aJEN2 L iere @
- E 1/2 81/2 - i F Cc/-
1 v\ 2 )\2 2 2\2 3\/68
— 7 (F*) = —(¢°= )" (N , : .
4 2 The configuration energy =3 S+ &+ ¢, so that by Egs.

(5) and(9),

A planar domain wall solution is given byp(x)
= g tanhf/w), wherew=1/(\ ) is the thickness, or width, 1
of the wall. The wall has a surface energy»# 2\ 7°. We 522[5(5F+5c)
consider a spherical bubble of domain wall inhabitedNby
>1 fermions, each of charge which, in the thin wall ap-  [Also, by Eq.(9) &+ Ec=23S5=2&,, so thaté= &+ &
proximation, has a radiuR>w, i.e. A yR>1. (For simplic- +E=3Ey.]
ity, we shall normally take\.~1.) The configuration energy
of the bubble is

3

A. Limiting cases

E=Ewt+EtEc, 2 We can consider the limiting cases where either the Fermi
gas contribution dominates the Coulomb contribution, or
where&y=23S is the energy contribution from the domain vice versa, the Coulomb energy dominates the Fermi gas

wall, with S=47R? the surface area, energy. Let these cases be referred to as “Fermi gas domi-
nance” and “Coulomb dominance,” respectively. For Fermi
4/7N32 gas dominance&:/E<1, which by Eq.(8) implies that
P T (3) aNY?<1, whereas for Coulomb dominancé:/&->1,
3Vgs which implies thataeNY?> 1. Therefore a stable bubble with

. o . . .a sufficiently small number of fermions will be Fermi gas
is the energy contribution from the two dimensional Fermigominated with a masg~ 3¢, while one with a sufficiently
gas[7], with g=2 being the number of spin degrees of free-|3rge number of fermions will be Coulomb dominated with

dom for a spin; fermion, and e~3g..
5 _— ) In order for the thin wall approximation to be respected,
_ s34 Ne N we require thaR/w>1, wherew=1/(\ ), and we assume
Ec=2mo°R>= (4)

87R 8wR Y5 for simplicity that\ is of order unity. Therefore, in the thin
wall approximation, the equilibrium radius of the bubble
is the Coulomb energy for the bubble with surface chargemust satisfyR7> 1. Let us takeRn=a "1, so that from Eq.
densityo=q/(4mR?) and a=e?/4m. (As in the Fermi ball  (7) we have(dropping factors of order unijy
model, we also make the assumption that a fermion- 1|12

antifermion asymmetry exists so that fermions within a = 1 UA13— —1
bubble wall do not all annihilate awagyThe bubble mass Ry ( ) N*1+aN"Hza™, (1)
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from which we conclude that, roughlgN'?>=0O(1). There-  Thus, the requirement imposed upGr by stability against
fore, Fermi gas dominance it realized for a stable, spheri- fermion emission seems to be a little more relaxed for the
cal, thin walled bubble with a single species of electricallyFermi gas-Coulomb balance caseN'?=1 than for the
charged fermion trapped within the wall, and Coulombic ef-Coulomb dominance caseN?>1.

fects are therefore necessarily nonnegligible. However, in

what follows we can consider two limit§1) aN¥?~1, in C. Stability against charge evaporation

which case the Fermi gas and Coulomb energy contributions
are of comparable magnitude, af®) aN'?>>1, in which
case the bubble is Coulomb dominated.

Although we have assumed that a mechanical equilibriun’f‘I X ; .
has been established for the bubble, we must check for eleé® Igrge enough Eci separate a virtual electron-positron bair by
trodynamic stability against charge evaporation and also foft dlstan_c:er~2m , Wherem is the electron mass, and bring
stability against fermion emission from the wall, i.e., thethe partlcles_ onto the mass sh>ell. The wo_rk done by the ex-
attractive force pulling a fermion into the wall must be Iargertemg’lI electric .ﬂeldaEr W'" be =2m foria f|e!d strengtE
than the forces that would otherwise squeeze the fermion ogt ™ /€ allowing the field to createe” pairs from the

of the wall(e.g., the tension in the domain wall, the Coulomb V2ctum- Therefore, if the electric field j“Stz outside  the
force, and the Fermi gas pressusdlowing the bubble to charged bubble is above a critical valuekpf~m</e, where
contract to a smaller radius. m is the mass of a charged patrticle, then the pair creation of

charged particles becomes probable. For a subcritical field
strength E<E., pair creation from the vacuum is sup-
pressed. Takingn to be the electron mass, we see that if the
Consider a static bubble with fermion numbbi>1 electric field at the bubble surface becomes supercritical, i.e.,
and mas£ (V). For it to be stable against releasing a fermionE>E,., then electron-positron pairs are created from the
with massmg in the vacuum, we require th&N*1— M) vacuum, and a positively charged bubble attracts electrons
=8E<mg. In the case of Coulomb dominance, the and repels positrons. The electrons partially neutralize the
N-dependent energy contributions dhare power functions bubble charge, thereby reducing the field until it reaches a
of N, and we have, approximately, foN>1, &€  subcritical valueE<E., so that the initial bubble charge
~(0&lON)S6N. Therefore, for the Coulomb dominated effectively evaporates through positron emission.
bubble, from Eqgs(9) and (10) we haveé~ &~ aN?/S2 The electric field at the bubble’'s surface B=o
~aN2(3Y9£Y?) which implies thatEc~a?*N¥3513 so  =Ne/S, which is to be compared to the critical field strength
that 9€c/dN~EIN. SettingdN=1 we then have thabf& E.~m?/e. Now, for the case of a Coulomb dominated
<me implies that, roughly, bubble @N¥2>1) at equilibrium, the surface area, from Eq.
(6), is S~ a? N33, 23~ o2BPNY3 2, s0 that

U3, o
! ) (2) (16)

a’N m

Although the bubble may be stable against fermion emis-

B. Stability against fermion emission

E<NmME (12

- ) . o ) E Ne/S aN o
for stability against fermion emission. The fermion mass = =D
- : : : Ec mYe 4mm?S 4w
(in vacuum is mg= G 7, the domain wall surface energy is

S~7x% and for the Coulomb dominated bubblé

The field of a Coulomb dominated bubble will be subcritical

~ ™"y, so that Eq(12) implies that for (a2N)Y3>(a/4m)(n/m)?, so that, in the case of Cou-
m lomb dominance,
(aZN)1’3<GF:<—F). (13) ,
K (77) (477 2N\ 173
E<E=|—| <|—](a®N)¥3, (17
Therefore, for the Coulomb dominance conditiadN m @

>1 and Eq.(13) to be simultaneously satisfied, we require compining this condition with that of Eq14) then implies

1<a®N<G2. (14 et
.. . . n 2 |4x 4
The condition given by Eq(14) can be met for a sufficiently (— < —) (aZN)1/3<(—) Ge, (18
large fermion-scalar couplinGg, but for a weaker coupling m @ @

with Gg of order unity or smaller, a Coulomb dominated
bubble apparently will not stabilize when the wall is inhab-
ited by a single species of charged fermion.

For the Fermi gas-Coulomb balance cas&N~1, we

which, for a given value o6, places an upper limit on the
symmetry breaking energy scaie
On the other hand, for the Fermi gas-Coulomb balance

2N~
have&c/E~1 and by Eq(6) S~(a») 2, so that by Egs. casea’N~1,
(4) and (10) £=3(Ex+Ec)~3Ec~a 27. Then, sincex 2 E e )
~N, we geté M ~Ny» and 5~ ». In this case the bubble is = =7 :47m<2) ' (19)
stable against fermion emission if Ec m?e m
n<mg=Gg>1. (15 and for the field to be subcritical,
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7\? 1 For a bubble that is microscopic in size, we expect the
E< Ec:>(5> <7 (200 electron Fermi gas to be relativistic. For this type of bubble
containing two species of charged fermion, the Fermi gas
energy increases and the Coulomb energy decreashbly as
increases for a given value &. In the Fermi gas energy
erm of Eq.(3) we haveN®?— N2+ N¥2, while in the Cou-
lomb energy term of Eq4) we haveN— Ng— N,.

In either case, unless th® symmetry breaking energy scale
is sufficiently close to the electron mass so that either E
(18) or Eq. (20) can be satisfied, a bubble containing only
one species of positivelgnegatively charged fermion will
undergo charge evaporation by positi@tectron emission,
reducing the net bubble charge to a value that renders the A. Neutral bubbles

external electric field subcritical. During such a process the Eqr the case that the stabilized bubble has been com-
bubble will also change its lepton number. The stable bubblgetely neutralized, i.eN.=Ng, the Coulomb energy term

will therefore be inhabited bywo species of charged fermi- yanishes, so that the configuration energy of a spherical
ons, each contributing a Fermi gas energy term, but the Coyyypble is

lomb energy term will be lowered.

In summary, a charged, thin walled, stable vacuum bubble 4ANZ?
populated with a single charged fermion species will not be E=Ewt E=4mSR*+ (22)
Fermi gas dominated, but a thin walled bubble may stabilize 3\/§R
if it is either Coulomb dominated or if there is a Fermi gas— iving an equilibrium radius of
Coulomb balance. However, stability against fermion emis VN9 q
sion and charge evaporation requires ttipthere be a suf- 1 13 1\ YenL2
ficiently large fermion couplingGg and (ii) that the :( ) 1/2~( ) _F (23)
symmetry breaking energy scafebe sufficiently small. This 617\/52 677\/5
last condition may be easily violated for a valuembn the
order of the electroweak scale or higher, in which case w@&nd a bubble mass
expect stable charged vacuum bubbles to be populated with

F n

at least two species of fermions, if stable bubbles exist at all. &~4mNg7. (24)
For a thin-walled bubble 4R>1) Eq. (23) implies thatNg
Il. VACUUM BUBBLES WITH TWO FERMION >1.
SPECIES—NEUTRAL AND NEAR-CRITICAL As in the case of a single fermion bubble, we can examine
CHARGED BUBBLES the conditions under which the neutral bubble will be stable

When the conditions for a subcritical electric field at aagamst emission of heavy fermions. We again reqas

i s (N+1)_ c(N) = 56~
bubble’s surface cannot be reached at equilibrium, so thatiming thatNg>1) that £ € OE~ 9l INp<mg

electric field at the surface of a charged bubble reaches a GF7- FOr the neutral bubbleg~47Ne 7, so that for the

critical value o ;~m?/e, wherem is the electron mass, bubblg to>3e st'e;ble aggam;t heavy flt'EI’mIOI’] err]mssml? W?thSt
then electron-positron pairs are produced resulting in charg%}"’“’e F=am. FOr a lermion coupling much smater than

evaporation through electron absorption and positron emighis: It becomes energetically favorable for the heavy fermi-

sion, until the electric field at the bubble surface dropsons to be expelled from the bubble as it collapses, thus pre-

slightly below its critical value(For definiteness, we take the venting stabilization. . .

charge of the heavy fermion attached to the domain wall tq. _However, although the_ neutral bubble_can stabilize with a
be +e.) Since the pair production is strongly suppressed fo inite surface area, as In the case with 'uncharged. false
o<, We expect the bubble to equilibrate by adjustingvacuum bags the bubble is not stable against flattening, so

- ; L ol —that as in the Fermi ball scenario, the bubble can ultimately
its radius, keeping its surface charge density slightly SUbC”t:}f/agment into many small Fermi balls, each with a radius of
i

cal. Therefore, for a bubble that has not been completel hiv R~ »- 1 at which point the f tai
neutralized, we take the surface charge density to be appro oughly Ro~» = at which point the fragmentation process
stops. (If there were a false vacuum volume energy term

mately constant during the equilibration process;y ot . .
~m?/e. Of course, if the bubble is completely neutralized,gV . AV due toa slight pr_eakmg of.the vacuum degeneracy,
s is the case in the original Fermi ball model, the tendency

o=0, in which case there are as many electrons in th o fragment would be enhancg¢dThese massive, neutral
bubble wall as there are heavy positively charged fermlonsI'-'ermi balls could serve as candidates for cold dark matter.

i.e. No=Ng, where N, is the number of electrons in the . ) : )
bubble andNg is the number of heavy fermions. Fdt, I_:mally, IeE;Js note that a Fer_m| ball sized bubble with
radius Ry~ 7™~ cannot be electrically charged {f) »/m

= —_ 2"\/ . i i I
<Np, we haveo=(Ng—Ne)e/4mR"~ o which implies 4 ° 0 4y ) (N- - N.)~0(1) (as in the original Fermi ball
that the electron number . L
mode), since the surface electric field would be super-

2 critical in that case. This can be seen by writiR§=(Ng
Ne~NF—mR2~NF—m—R2 (22) —.N?)e/(4770'). and noting tha}t foros%,jpmzle, _thg
e a minimum radius the bubble with a subcritical electric field
can have isRyn~[(Ne—Ng)a]¥¥m. Thus, Ryin/Ro~[(Ns
varies with the bubble radiuR. —Noal*)(7/m) is not near unity and, consequently, we
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have thatR,,>R, if we allow z»/m=>1 while keeping must be taken here to not simply minimizein Eq. (32),
a(Ng—N,) roughly to an order of unity. On the other hand, Which would give a radially inward Coulombic force, but
for a(Ng—Ng)~(m/7)%, we could haveR,,~R,, but rather to determine the force by consideringietual dis-
such a bubble would have a charge numbak: € N,) placement of the bubble wall, holding the chai@eon the

~(Ua)(m/ 5)2<1 for (p/m)=1/\a, i.e., the bubble would Wall fixed. (The charge of the bubble will vary witR, and
have to be effectively neutral forgm)> 1. hence time, in general, as the bubble changes its radius dur-

ing the physical equilibration process. We can vi€v
~47R%0,,;, as a constraint on the char@e We find the
radial force at an instant by holding fixed, and considering
For the caseNg—N>0, let us assume that the surface how the energy of the configuration varies wighat this
charge density is near-critical, i.es;~o;~m?/e. Since instant. The final result for the force at this instant is then

B. Near-critical charged bubbles

0<N¢<Ng, we take the Fermi gas energy to be obtained by using the constraift~47R%c,;;.) For avir-
Nz tual change in the bubble’s radius, holding the bubble charge
&= 2 (N,§’2+ N2’2)~ ?F (25) Q fixed at any instant of time, we haia=Q?/(87R), and

3 \/§R a virtual change in energy due to a change in the radius alone
is 8&c=—Q?/(87R?) 5R, allowing us to identify the radial

The Coulomb energy is electrostatic force bf g= — 65/ SR=Q?/(87R?). Inserting

the chargeQ~4mR?0,;; into the expression foF g gives

m*R3
E=2m0o’R3~ , (26)
o m4R2
. . Fr~ : (33
wherea=e?/47 andm is the electron mass. For a spherical 2a

bubble stabilized at a radidg, we have which is a radially outward force tending to stabilize the

& (mR?* bubble against contraction. The total radial force on the
(27 bubble at equilibrium is given by

5_F aNE/2 7
which can be rewritten as N¥? m*R?
—Fg°‘~872R——F2—2—~0. (34)
\/EN3/4 £\ 12 R @
R~ — | = (29) .
m2 (& Taking =~ 7*, we have
Several limiting cases can be considered. m*R4
(1) Fermi gas dominance 8 °R3— N2 5o~ 0. (35)
& aN:’,;M Each of the limiting cases can be examined separately.
7 <1= R2< (29 (1) Fermi gas dominance
F m In this case the Fermi gas contribution to the force and
. configuration energy is assumed to be much larger in mag-
(2) Coulomb dominance nitude than the Coulomb contribution. The equilibrium ra-
dius is determined by 87°R3~N¥?, giving an equilibrium
Ec , VaN* bubble radius
Né/Z
(3) Fermi gas-Coulomb balance R~ R (36)
- \/EN?:"‘ This is compatible with the condition given by E&9) pro-
1= Ro~ ———. (31) vided that NY*<7?/m?. For a thin walled bubble R
F m >1), we therefore require
We write the total configuration energy of the bubble 78
equilibrium (dropping factors of order unifyas 1< NF«(E) . (37

) N¥?2 meR3 From Eq.(21) we find the electron number for the bubble to
E=Ewt&etEc~4miR+ -+ —— (32 pe Ne~Ng[1-a(m?7?)], which for a(m/7)<1 gives
Ne~Ng. The bubble mass is given b§/ »~Ng. For the
The equilibrium radius of the bubble is determined by a bal-bubble to be stable against heavy fermion emission, we re-

ance of the radial forces acting on the bubble wall. Cautiorquire thatGg=1.
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(2) Coulomb dominance
The bubble radius obtained fromm8;°R3—m*R*/(2«)
~0 is

R~—:.
m?

(38)
This is compatible with Eq(30) if NY4<»?/m?, and the
bubble respects the thin wall approximationzR~ ( 7/m)*
>1. The bubble mas§~ &+ Ec is roughly given byé&l »
~(7/m)8. This mass expression is independenilgf. since
the Fermi gas term has been neglected, but from(&2).we
have that 66~ 3d& INg~NEYR~(m* 7*)NY?, so that

PHYSICAL REVIEW D 59 023513

4

M
1. (42)

Emnax~ N ~
max F,max”7 7

[For a bubble that stabilizes at a grand unified the@yT)
scale valuep~10' GeV, for example, we have a maxi-
mum bubble radiusR,,~10 ° GeV! and a maximum
mMass Ema~10°8 GeV~10kg. On the other hand, for
~10* GeV, for example,Rya~10°° GeV 1~101m and
Emax~10%* GeV, describing a very massive compact astro-
physical object with a mass of roughly 10 million solar
masses and a radius of roughly 100 solar radBiubbles
larger than that allowed by Ed@41) would evidently form
black hole states, since the stabilization radius would lie in-
side the horizon. Similar results hold for the neutral vacuum

8En<Gg, i.e., for the bubble to be stable against heavybubble. Also notice that for the Fermi gas dominated

fermion emission, we hav& =N¥4m/7)*. Since N¥2
<(m/m)*, the constraint oG, can be satisfied foBg=1.
(3) Fermi gas-Coulomb balance

We consider the Fermi gas force to be comparable to the

Coulomb force in this case, and therefore require78R®

(charged bubble, by Eq.(37) we have Ng o, <(7/m)8,
which implies that

7>(Mpm?) 3~ 10" GeV. (43)

~N,3;’2 and N§’2~ m*R* (2«). The bubble radius is roughly Therefore, a Fermi gas dominated charged bubble can evi-

(39

dently reach a stable equilibrium only for a value of the
symmetry breaking scale in excess of roughly GeV. We
conclude that such a bubble formed at the electroweak scale
7~ 10% GeV would necessarily collapse to a black hole.
Here, it is interesting to note that for a sufficiently small

and Ng~(7/m)8. The bubble mass is roughly given by value of 7 (e.g., ~10* GeV), the Fermi gas dominated
Elm~Ng~(7/m)8. For stability against heavy fermion bubbles described above can have sizes and masses that be-

emission,Gg=1.

C. Black hole formation

come comparable to those oéutrino balls[9], which are
particular examples ofosmic balloong10]. (The spherical
domain wall of a cosmic balloon entraps fermions within its
volume that become heavy outside the ballpdiowever, a

For a vacuum bubble to stabilize before forming a blackfyndamental difference between a bubble and a neutrino ball

hole, we require that the stabilization radR<e larger than

(NB) is that the domain wall of the neutrino ball is essen-

the radiusRy, of the outer horizon of the corresponding black tjally transparent to all matter and radiation, except for neu-

hole state. For a neutral, nonrotating black hBjge=2G¢,

trinos, whereas the domain wall of the bubble is not trans-

where¢ is the black hole mass, and for an extreme Reissnelparent, as it is inhabited by charged fermions. Stars,

Nordstrom black holéwith chargeQ=\/G¢) the outer ho-

gravitationally attracted to the neutrino ball, can simply drift

rizon is located byR,;=G¢, so that for the case of nonexte- through the NB domain wall11]. Inside the NB, there will
mal or extremal nonrotating black holes we have, roughlype a frictional force exerted on a star by the ambient neutri-
Ry~GE=EIM3, whereMp=(G) %2 is the Planck mass. nos, so that eventually the star will tend to reside at or near

For the bubble to stabilize with a radid® and avoid the

the center of the NB. The ambient neutrino gas can speed the

formation of a gravitationally collapsed black hole state westar's evolution, enhancing its probability rate to undergo a

therefore require that the equilibrium radiBsoe larger than
Ry~ &IM3.
For the case of a Fermi gas dominated bubble,

21

R ( Mp 0
NJ'EIZ’

Ru |7

supernova type of explosion. Holdom and Malah&y] have
proposed a mechanism wherein the neutrino emissions from
such explosions within NBs can be converted into intense
gamma ray bursts. This mechanism, however, would not ap-
ply to a vacuum bubble, since the domain wall of the bubble
is not invisible to matter and radiation, and hence stars can
not simply drift through the domain wall of the bubble. Fur-
thermore, we have considered the case where vacuum, rather

so that for this bubble to avoid black hole formation, thethan fermionic gas, occupies the bubble’s interior.

number of heavy fermions must be smaller thip .«

For the case of either a Coulomb dominated bubble or a

~(Mp/m)* The maximum size and mass of such a bubble-ermi gas—Coulomb balanced bubble, we ha®
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Therefore, for one of these bubbles to avoid black hole forbreaking energy scale. More specifically, unless thg&,

mation we must hav®&> Ry which implies that symmetry breaking energy scale is sufficiently close to the
electron mass, so that either Ed.8) or Eqg. (20) can be
7=(Mpm?)3~10* GeV. (45  satisfied, a bubble initially containing only one species of

positively (negatively charged fermion will undergo charge

For sufficiently small symmetry breaking scal@sg., the evaporation by positrotelectror) emission, reducing the net
electroweak scaley~10? GeV), black hole formation is bubble charge to a value that renders the external electric
avoided, but for values ofy much greater than that of Eq. field subcritical. This may easily be the case for a valuey of
(45) (e.g. the GUT scalep~10'® GeV), black hole forma- on the order of the electroweak scale or higher. During such
tion evidently cannot be avoide@For a bubble that stabi- a process the bubble will also change its lepton number. The
lizes at an electroweak scale valug~10° GeV, for stable bubble will then be inhabited biyvo species of
example, we have a bubble radius and mass Rof charged fermions, each contributing a Fermi gas energy
~10%¥GeV 1~10*m and £~10"2GeV~10"kg, respec- term, but the Coulomb energy term will be lowered.
tively.) Therefore, whether or not a particular type of Therefore, consideration has subsequently been given to
charged bubble can eventually stabilize depends upothe case of a bubble populated o species of fermions—
whethery is above or below a value of roughly 10 TeV. the heavy fermions coupling directly to the domain wall sca-
lar field, and electrons that have been absorbed by the bubble
in order to partially or completely neutralize the bubble, ren-
dering the surface electric field subcritical. The charge

If either abiased exact discrete symmetry or approxi-  evaporation allows the Coulombic effects to be diminished,
matediscrete symmetry is spontaneously broken, a networkvhile the Fermi gas effects are enhanced. These two-fermion
of bounded domain wall surfaces giving rise to “vacuum species bubbles may stabilize through Fermi gas dominance,
bubbles” may result. The dynamical evolution of a bubblethrough Coulomb dominance, or through a Fermi gas—
will depend upon what other fields couple to the scalar fieldCoulomb balance, depending upon the valuepddnd final
forming the domain wall. If fermions couple to the scalar configuration parameters, such as the bubble mass and the
field in such a way that it becomes favorable for the fermiongwumbers of fermions populating the bublilee Sec. I\
to reside within the bubble wall, the resulting degeneratd-inally, constraints have been estimated for stable bubbles
Fermi gas can help to stabilize the bubble against an urthat do not form black holes. These constraints take the form
checked collapse. A scenario of this type incorporating elecof limits for either the number of heavy fermions that can
trically neutral fermions plays an essential role in the Fermipopulate a particular type of bubb(for the cases of neutral
ball model[7], for example, where the domain wall forms a or charged, Fermi gas dominated bubhleand/or for the
thin skin enclosing a false vacuum. For a sufficiently strongsymmetry breaking scalg (for the cases of near-critically
fermion coupling to the scalar field, the fermions remaincharged bubblgs For instance, ifp<10* GeV, then Fermi
within the wall and allows the resulting bag-like configura- gas dominated bubbles do not stabilize before forming black
tion to equilibrate with a finite nonzero surface area. In turnholes, whereas iy>10* GeV, then Coulomb dominated or
this vacuum bag can flatten and fragment, resulting in thé=ermi gas—Coulomb balanced bubbles necessarily collapse
production of many smaller “Fermi balls.” Thus, the cos- into black holes.
mological domain wall problem can be evaded through the In summary, it has been argued that if there existed a
formation of a bubble network, and ultimately, Fermi balls. biased, or an approximate, discrete symmetry which was
Here, attention has been focused upon an extension of thioken in the early universe, and if heavy charged fermions
type of scenario, where the fermions are assumed to have aoupled to the domain wall-forming scalar field, then it is
electric U1) gauge charge, introducing nontrivial electro- possible for stable, charged vacuum bubbles to be produced,
magnetic effects that must be taken into consideration wheprovided that certain parameters, such as the symmetry
examining the stability of @hargedvacuum bubble. It has breaking energy scale, the fermion-scalar coupling constant,
been demonstrated that the Coulombic effeetsnotbe con-  and fermion numbers, occupy appropriate ranges. If the pa-
sidered negligible in comparison to the Fermi gas effects forameters do not lie within such ranges, the bubbles are ex-
the case of a thin walled bubble inhabited by a single speciegected to undergo an unchecked collapse. Stable bubbles
of charged fermion. may indeed form, but it is not known what fraction of

The physical realization of stable, static, charged vacuunfubbles will actually stabilize, since this presumably de-
bubbles also depends upon two particular stability iss{ips: pends upon how the data of initial conditions are distributed
stability of the bubble against an emission of the fermionover the collection of evolving bubbles. At any rate, it is
coupled to the scalar field, ar(d) stability against charge possible that such bubble configurations, even if rare, could
evaporation, which can occur when the surface electric fielde physically realized, and the physical existence of such
of the bubble becomes too large, or supercritical. The stabilvacuum bubbles could have interesting consequences for
ity against fermion emission can, in many cases, be satisfie@article physics and cosmology.
if the fermion-scalar coupling occupies a range, given
roughly by Ge=1-10, which may be regarded as fairly
natural. However, for stability against charge evaporation, a
relatively severe constraint is placed upon the symmetry | thank D. Bazeia for discussions related to this work.
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