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Vacuum bubbles nucleation and dark matter production through gauge symmetry rearrangement
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Modern particle physics and cosmology support the idea that a background of invisible material pervades the
whole universe, and identify in the cosmic vacuum the ultimate source of matter—energy, both seen and
unseen. Within the framework of the theory of fundamental relativistic membranes, we suggest a self-
consistentyacuum-energy-drivemechanism for dark matter creation through gauge symmetry rearrangement.
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[. INTRODUCTION eral consensus is that it comes from the quantum anomaly
which violates the chiral (1)pg Symmetry, thereby evading
The modern paradigms of physics are the standard biGoldstone’s theorem. However, the chiral anomaly is just
bang model of cosmology and the standa&lJ(3)c  one of at least two possible loopholes by which the existence
®SU(2).®U(1)y model of the strong and electroweak in- of a Goldstone boson can be avoided. The second loophole is
teractions. During the past two decades both models havwhe Higgs mechanism. In its conventional formulation, the
been refined with the addition of two key ingredieritdfla-  Higgs mechanism essentially converts a gauge field, i.e., a
tion on the cosmological sid¢l] and axions as pseudo- massless spin-1 field, into a massive vector field while pre-
Goldstone bosons associated with the spontaneous breaderving the value of the spin as well as gauge invariance,
down of the Peccei-Quinn symmetry in particle phy§i2k  thereby ensuring the renormalizability of the theory. Even
Inflation requires the existence of dark matter and axionshough this is the mechanism that generates the mass of all
have long been candidates for cold dark matter. A furtheknown elementary particles within the standard model of
refinement of the standard models stems from a recent analparticle physics, it is clearly unsuitable to describe the cos-
sis of the cosmic microwave backgrouf8] added to the mological situation envisaged above, namely, the conversion
data from high-redshift supernova observatiddd. To-  of the constantvacuum energy into particles of matter. Thus
gether, they seem to support the idea that the universe is flate are led to askdow does one connect a “constant energy
and is currently expanding at an accelerated Yaie.a re-  background” (nondynamical by definition) into material
sult, dark matteand the cosmological constaf], or some particles that are invisible but dynamicalur suggestion, in
form of dark energy, have become the essential componentsnutshell, is as follows: first, turn the cosmological constant
of the new inflationary scenarfoln this paper we wish to into anondynamical gauge fielde., a gauge field with zero
suggest that those two components are connected, in a rathgggrees of freedom; second, extract from that gauge field a
fundamental way, by a new mechanism of symmetry rearmassive spin-0 fieldccording to the time honored procedure
rangement thatequiresthe creation of dark matter. of symmetry breaking followed by restoration of gauge in-
Cold dark matter, in axionic form, could be detected in anvariance. As we shall see, the new ingredients of that old
experiment capable of probing masses in the rang@rocedure are relativistic extended objegteembranesand
10 °-10 2 eV. Where does that mass come from? The gentheir gauge partner@ntisymmetric tensor gauge fie)ds
The topological nature of the new mechanism and its
mathematical formulation were discussed in a recent article

*Email address: ansoldi@trieste.infn.it in connection with the broad issue efectric-magnetic du-
TEmail address: aaurilia@csupomona.edu ality of p-branes[7]. As stated above, we are presently in-
*Email address: spallucci@trieste.infn.it terested in applying the notion of “topological symmetry

IAt least the first acoustic peak in the power spectrum of temperabreaking” to the new inflationary scenario. Accordingly, we
ture fluctuations of the cosmic microwave background, as deterhave organized the paper as follows.
mined by the Maxima and Boomerang observations, is best fit with In Sec. Il we introduce the concept of topological sym-
Q=1 as required by inflation. metry breaking. In Sec. Il we discuss the case of “electro-
’Those revolutionary cosmological data were not available indynamics in two dimensions,” reinterpreted as “bubble dy-
1991 when the authors first suggested the possibility that the cogt@amics in two dimensions,” as the simplest framework in
mological constant and dark matter might be reldtd which topological symmetry breaking can be implemented
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together with the generation of mass. In Sec. 1V, the detailboundary condition that is not explicitly encoded into the
of the new mechanism are illustrated in four spacetime diaction. Therefore, to the extent that there are no apparent
mensions. There we first outline the three main steps leadingymmetry violating terms in the action, we refer to this case
to the creation of dark matter, and then discuss each step inas “topological symmetry breaking.” For instance,

separate subsection. Instrumental to the overall mechanism is

the false vacuum decay rate through bubble nucleation from I'y:
the vacuum which we calculate in real spacetime and com-

pare with the corresponding computation in Euclidean spacewith

Section V concludes the paper with a summary of our dis-

cussion and a commentary on the applicability of the new o dxH

mass generation mechanism to the inflationary cosmological J*(X)= fo d7 4~ SV(x=x(1))= fr dx* §Y(x—x(7))
scenario. 0 2.5

xt=x*(1), O<r7=<0 (2.9

Il. SYMMETRY BREAKING REVISITED represents a semi-infinite spacetime trajectogythat origi-

“Topological symmetry breaking” and the concomitant nates atx, and then extends forever. An extremal free end

mechanism of mass generation have never been discussedifint Physically represents a “singular” event in which a
the physics of point particles for the simple reason that thParticle is either created or destroyed, SO .that the covariant
world history of a material particle is usually assumed toconservation of the associated current is violdted,

have no boundary; that is, it is usually assumed to be infi-
nitely extended in timé.Typically, in a world of classical
point particles described bylacal field theory, reparametri-
zation invariance of the world trajectory is tacitly assumed
while gauge invariance iexplicitly broken only by introduc-
ing a mass term in an otherwise invariant action. The asym- Furthermore, under a gauge transformation of the action
metry of the vacuum with respect to some global transforintegral, the interaction term transforms as follows:

mation (spontaneous symmetry breakjrmgrovides a second
possibility which, in turn, leads to the celebrated Nambu-
Goldstone-Higgs mechanism of mass generatidre exis-
tence of a boundary in the world history of an object pro-
V'dgiratﬂeagg;fleog?hﬁgfgﬁglrtf gcfmsggg]erpitg fgﬁmgpgése of aassuming, as usual, that the gauge function vanishes at infin-
charged particle: the gauge invariance of the free Maxwel|ty'

action may be broken either by introducing a mass term intg In Sec. IV we shall extend the above considerations to the
the action case of a relativistic bubble in81 dimensions. That is the

natural setting for discussing the new inflationary scenario.
There we shall argue that the corresponding classical action
represents aeffective actiorfor the quantum bubble nucle-
ation process that takes place within the background vacuum
energy represented by the cosmological constant. The nov-
elty here is that the cosmological constant is disguised as a
“Maxwell field strength.” Because of the presence of a
boundary of the bubble trajectory in spacetime, the process
of nucleating an inflationary bubblel0,11,12,13 must be
accompanied by the excitation of massive spinless particles.
A possible quantum formulation of the same boundary

J(X)=4,I*(X)= aMJF d[ 6P (x—y(7))]= 6 (x—xq) # 0.
(2.6)

5AS““=ef dx* 9,A=—A(Xo) (2.7

X0

S=S,+Sx,

B md dx* dx,
Sv= s, 47\~ g

2

1 v m i
—ZF’U“VF +7AMA —eJ”A#

(2.9

(2.2)

Sp= f d*x , (2.3

or, more generally, by coupling the gauge potentia(x) to
a non-conservecurrent J*(x), i.e., 4,J*(x)#0. Thus, in
either case(i) m#0, or (i) m=0, J,J*#0, gauge invari-

mechanism using the path integral approach to the dynamics
of a generic p-brane in an arbitrary number of spacetime
dimensions is given in Ref7].

ance is violatedThe massless, non-conserved current case
corresponds to a classical point-like particle whose world
line I'y has a free end poinBy definition, this represents a

3In the following, by “boundary” of an objectpointlike or spa-
tially extended we mean an extremal configuratiGnitial or final)

A physical example of such a situation is the emission of an
alpha particle by a radioactive nucleus. Because of quantum tunnel-
ing, the particle suddenly disappears from within the nuclgtss
worldline comes to an end pojrnnd reappears at a different point
outside the parent nucleus. fbysicaltrajectory connects the two

of the world history of the object at a finite time, or, in other words, branches of the particle world line. Thus, from the point of view of
an extremal spacelike section of the object’s trajectory in spacetimen external observer, the particle world line is semi-infinite: it

The case of an object with a boundary thasjgtially open can be

treated along similar lineg8,9].

originates from a point outside the nucleus at a given instant of time
and then evolves independently of the parent nucleus.
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1. TWO DIMENSIONAL ELECTRODYNAMICS The general solution of E(q3.2) is the sum of the free
equation solution€=0), and a special solution of the inho-
mogeneous equatiore¢0). The complete equation can be
formally solved by the Green function method. The final
result is

“Electrodynamics in ®1 dimensions,” also known in
its early quantum formulation as “the Schwinger model”
[14], means different things to different people. Formally,
the action(or Lagrangianof the model is the same as that of
the familiar Maxwell electrodynamics in81 dimensions, 1
hence the name. The physical content, however, is vastly F’”(x)=\/Ke’“’+e(9[“EJ”]
different. This is because of the stringent kinematical con-
straints that exist in +1 dimensions: since there is no
“transversality” in one spatial dimension, the concept of = Aef“’+ef d?ydl* G(x—y)I"l(y).
spin is undefined, and the notion of “vector field,” massless 3.3
or massive, is purely formal. Thus, there is no radiation field ‘
associated with the Maxwell tensor. There is, however, thenserting the above solution into the acti¢.1), and ne-
same background vacuum energy and long range static integiecting surface terms, we obtain
action that we shall discuss in the next section for the mem-
brane theory in 3-1 dimensions. This is because in one 10,
spatial dimension a “bubble” degenerates into a particle- S__EJ d*x
antiparticle pair, moving left and right, respectively, and the
volume within the bubble is the linear distance between them 1
[15]. Indeed, the main reason for the following discussion is = — Ef d2xA+e2J' dZXJ' d?y J'(X)G(x=y)J,(y),
to make it evident that those very kinematical constraints that (3.4
exist in 1+ 1 dimensions are intertwined with the production
of mass and can be induced just as well in B dimensions  which we interpret as follows:
simply by increasing the spatial dimensions of the object:
from a O brane in *+1 dimensions to a 2-brane, or bubble,
in 3+ 1 dimensions, indeed, to a generic p-brane embedded
in a target space with-p2 dimensions. In other words, the
familiar theory of electrodynamics in81 dimensions does

not represent a unique generalization of the so called “elec-rhe first term represents a constant energy background, or

trodynamics in 31 dimensions.” A more natural exten- .,qmgogical term even though it can be “renormalized
sion, especially from a cosmological standpoint, is the theoryéway,, in the absence of gravity. The second term in Eq.

of a r(_elativigtig: membrane coupled to a three i_ndex 9auges 4 describes the long-range, “Coulomb interaction” in
potential. It is in the framework of bubble dynamics, regard-,, spacetime dimensions. In reality, it representslithear

less of the dimensionality of the target space, that the coss,nfining potentiabetween point charges written in a mani-
mological constant drives the creation of particles of matter; stly covariant form. In such a covariant formulation, the

and the engine of that process, at least at the classical leVeligtence of a boundary, even though not explicitly codified
is the “topological symmetry breaking” due to the existence|, yhe action(3.1), introduces a symmetry breaking condition
of a boundary in the world history of the membrane.

since it implies that the world line of the “charge” has a free
end point through which the symmetry leaks out, so that
A. Massless phase d,J*=J#0. In that case, gauge invariance is topologically
roken and the current density is no longer divergence free.
nder such circumstances, the field equafi®r2) needs to

be modified since the left-hand side is divergenceless, while
the right-hand side is not.

1
+2V
A eJDJV}

1
S=-— EJ d?x[ “cosmological constant”

+“Coulomb potential]. (3.5

In the massless phase, the physical content of electrody-
namics in (+1) dimensions is encoded into the gauge in-
variant action:

1
S=f d?x

3.9 B. Massive phase

1
AP PSP Ay e FA,

The necessary remedy for the above inconsistency is the
so that the current densifi#, without further boundary con- introduction of a mass term in the actid8.1). Paradoxi-
ditions, is divergenceless;, J“=0. The first order formula- cally, the presence of mass is also necessary in order to re-
tion of the action is not mandatory but makes it clear that, inStOr€ gauge invariance, albeit in an extended form. As a mat-
two dimensions, the “Maxwell tensor” is assumed to be thet®r Of fact, the new action
covariant curl of the gauge potential, which is then treated as 1 m
an independent variable. S= f d2x| = gmv Fo— SFY 0, A+ —A,AN—e A,

Thus, variation of the action with respect to the potential 4 2 2
A, leads to the Maxwell equation (3.6)

2

reflects the fact that the original gauge invariance is not only
d,Fr'=ed. (3.2  topologically broken, i.e.implicitly broken by the boundary,
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2

1 1 m
—F W FH =S FEY o, A+ —

but alsoexplicitly broken by the presence of a mass term.
J X 7Fu 2 2

However, we argue that there is a subtle interplay betweefPa=
those two mechanisms of symmetry breaking, so that mani-

fest gauge invariance is actually restored. In order to further

analyze the connection between the two mechanisms of sym- —€J*
metry breaking, it is convenient to separate the divergence-

less, boundary free current from the nonconserved boundaiy invariant under the extended gauge transformation
current. In two dimensions a generic vector can be decom-

1 2
A+ Eaﬂa)

(3.13

1
Ayt —d, 0

posed into the sum of a “hatted,” or divergence-free com- A, —A=A+d, N, (3.149
ponent, and a “tilded,” or curl-free component. Thus, we
write 60— 0" =60—mN\. (3.15

A 4R - o9 Au_ “ In this case, the vector field equation
A,=A,+A,, @ J,A*=0, J,A,=0 (3.7

1

and a similar decomposition holds for the current, d,Fr+ m2| A¥+ ﬁav 0l=ed (3.16

FN_ I _a 3 5 is self-consistent b f the theta-field i
JH= ‘]M_ﬁ +EEJIJ«+JM’ D 9,d4=0, 9,3*=J. is self-consistent because of the theta-field equation

(3.9 ) 1
m=a,| A’+ Ea“o =ed,J". 3.19
In terms of this new set of fields and currents the action

reads Evidently, the role of the constrairi8.17) is to combine

1 1 5 the ﬂ# component of the vector potential with the compen-
S:J X ZF*"FE —ZFrv 9 A+ —A At—e A sator field in such a way that symmetry is restored with re-

4 rro2 (w25 e ® spect to the extended gauge transformation. In our geometric

interpretation, this is equivalent to “closing the world his-
(3.9  tory” by compensating for the leakage of symmetry through
the boundary. In this sense, the generation of mass is the

and we find two systems of decoupled field equations: theonseduence of “mixing” two gauge fields, namely, thg

: i . Fomponent of the vector potential with the field. As a
divergence-free vector field satisfies the Proca-Maxwel . : . .
equation matter of fact, Eq(3.17) determines the mixed, gauge invari-

ant field to be

m?._ T
+ 5 AA—e VAR,

J, FF+m?A’=e (3.10 1 1
. . . A,u+ Eé”u 0= Wﬁﬂi‘l (3.18
while the curl-free part must satisfy the constraint

Once the above equatidB.18 is inserted into the action

m?d,A’=e J (3.1)  (3.13 we obtain
or, equivalently, 1 L1 m ., ..
S= | dX| ZFuL P = SF o Ayt AL —e A,
~ € 1 3 )
AM—W&MEJ. (3.12 B e Ji\] (3.19
2m? O] '

To the extent that the mass is linked to the divergence of ] ) )
the current, as shown by the above equations, it is also which represents an “effective af:tlon” for the only physical
measure of the “symmetry leakage” through the boundarydegree of freedom represented Ay .

It is this connection between topological and explicit sym-

metry breaking that leads us to ask: Is there a way of restor- |v. THREE STEPPING STONES OF “DARK MATTER”
ing manifest gauge invariance in spite of the presence of a PRODUCTION: FORMULATION OF THE
mass term in the action? MECHANISM

In order to place our previous discussion in the right per-
spective and partly to justify the more technical approach in

The answer to the question raised in the previous subsethe following subsections, let us consider the inflationary
tion was suggested by Stueckelberg a long time ).  idea that the early phase of the exponential expansion of the
The original Stueckelberg proposal was to recover gauge indniverse inflated a microscopic volume of space to a size
variance by introducing a compensating scalar fiekb that much larger than the presently observable part of the uni-
the resulting action verse; this idea can be formulated within the framework of

C. Massive, gauge invariant phase
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general relativity as a special case of “classical bubble dyjects is a crucial assumption of the whole mechanism of
namics” (CBD), i.e., the study of the evolution of a vacuum mass generation advocated in this paper.
bubble in the presence of gravifg0]. In our own formula-
tion of CBD, inflation is driven by a gauge field,,,,(x)
which is equivalent to a cosmological constfht], and the
boundary effects in CBD, completely similar to those dis-
cussed in the previous section, constitute the precise mecha- In order to implement the three propertigs, (b), and(c)
nism which extracts dark matter from the self-energy ofdiscussed above, we start from the action functional
AL,

erp1 short, how does that process take place? The following S= f g

. . = X

properties ofA,,, constitute the crux of the boundary
mechanism in the inflation-axion scenario:

_ _(a) W_hen masslessgwp rt_apresents “dark stuff” by defi- _ %AWP J,uvp) _Maf d30\/—_y. (4.2)
nition, since in 3-1 dimensionsA,,,, does not possess ra- 3! M
diative degrees of freedom. In fact, the field strength,,,
=V, Aupe= I uPAuper s @S a solution of the classical field

: o - : This is a straightforward, but non-trivial, formal extension
equation, is simply a constant disguised as a gauge field, . . .
: A == " Of the action for the electrodynamics of point charges, or the
This property, even though peculiar, is not new in field

theory: it is shared by all d-potential forms in Ka]b—Ramond action o_f “string dy”a”.”'cs-” More 1o t.he
(d+1). spacetime dimensions. For instance in two dimen point, from our discussion in Sec. lll, it represents a direct
sions Fp —2 A-—e A while in four dimensions generalization to 31 dimensions of the same two-

O i T ’ . dimensional “electrodynamics” actiofl5] in a “o model”
FMV/JO': e,lLVp(T

f, andf represents a constant background field. - . S
in both cases by virtue of the field equations. What is the inspired formulation where a fundamental extended object is
the meaning of f? As a gauge fieldA ,,, is endowed with

I%oupled to its massless excitations. In order to keep our dis-
an energy momentum tensor and thus it couples to gravit

gussion as transparent as possible, we consider only an el-
. . X ; . - mentary, or structureless membrane with vanishing width,
[15]: the resulting equations are Einstein’s equations with th Y 9
cosmological term\ =47 G f2. For this reason we call

‘?nteracting with a single massless mode represented by
the “cosmological field” This alternative interpretation of = #

Hp A, Thus,
the cosmological constant can be traced back to R
and its application to the inflationary scenario in Héfl]; it
will be discussed in more detail in the following subsection.
(b) If the cosmological field acquires a mass, then it de-

scribes massive pseudoscalar particles, in contrast with the

usual Higgs mechanism. Indeed, in the massive case the frégPresents the current density associated with Fhe wprld his-
field equation forA tory of the membrane. More complex models, in which the

prp? membrane is some sort of collective excitation of an under-
4.1) lying field theory, while intriguing, are affected by highly
non-trivial technical problems, such as renormalizafibr,
4_8] and bosonization.That approach, while conceivable in
principle, is orthogonal to ours: here, we assume that the
membranes under consideration are elementary geometric
objects of a fundamental nature, on the same footing as
points, strings and other p-branes that constitute the very
fabric of quantum spacetin{d.8]. This principle of geomet-
dynamical field to case(b) (massive propagating particles ric dempcracy is reflected in the. actlon.funct|om412) t_)y_ .
.our choice of the Nambu-Goto-Dirac action for a relativistic

requires a .phyS|caI mechgnlsm for its enactmgnt. Here 'Bubble in whichy stands for the determinant of the induced
where the idea of topological symmetry breaking and themetric
concomitant rearrangement of gauge symmetry come into '
play. We hasten to say here, and expand our discussion in the

following subsection, that the cosmological fied,,, does y=de(dnY*,Y,) (4.4
not interact directly with the ordinary matter fields that rep-

Lis;?n(t)fp?e|rl1;—t:|\ll<i§ti[():a(r:tllg‘I;3d. Irqnaetrr;esr’lgr‘]]els tg? bgzg?ei p«;inrt-th eand u? represents the bubble surface tension. Notwithstand-

sense that it mediates the interaction between surface elé¥ the apparent simplicity of our model, we shall see in the
ments according to the same general principle of gauge in-

variance which dictates the coupling of point charges to vec-

tor gauge bosons, or the coupling of Kalb-Ramond potentials °Introducing fermionic degrees of freedom enables one to estab-
to elementary string-like objects. Clearly, this type of cou-lish a correspondence between bosonic and fermionic variables, that
pling to relativistic membranes as fundamental extended olis, J#"7— e***7 Sy _ .

A. Massless field, closed membrane and vacuum energy
density

F)\MVP_iF)\MVPa A
41 [N Puvp]

2% 41 Fruve

J#VP(x)zf SYx—Y(o)]dYEADY'ADY? (4.3

IINAHPI L MPARP =0, =3, AP=0

imposes the divergence-free constraint on the four comp
nents ofA,,,,, leaving only one propagating degree of free-
dom. In other words, the introduction of a mass term “ex-
cites” a dynamical(pseudoscalarparticle of matter out of
the cosmological energy background.

(c) Evidently, the transition from cage) (massless, non-
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next subsection that it is possible to reproduce the correct Indeed, as anticipated at the beginning of this section
false vacuum decay rate, without resorting to solitonic com{property(a)], the first term in Eq(4.9) is a solution of the
putational techniques. free Maxwell equation and represents a constant energy den-
Gauge invariance of the actiqd.2) is guaranteed when- sity background. As a free field, that is, in the absence of
ever the bubble embedding equatiox’$=Y*(o) param- gravity and any other interaction, that constant term can be

etrize a world history without boundary, so that “renormalized away” since it cannot be distinguished from
the vacuum. However, it is equivalent to a cosmological term
U TAY R (4.5  when gravity is switched ofi5,13.
It may not be immediately evident that, even in the pres-
Sy =03, I#""=0. (4.6 ence of a coordinate dependent megjg,(x), the homoge-

neous solution of Eq(3.2) still represents a constant back-
The divergence-free condition for the membrane CUrrenbround energy density' Phrased differenuy, it m|ght appear
is the formal translation of the no-boundary condition. Es-that there is no longer a constant rank-4 tensor available to
sentially, it restricts the world history of the membrane to begquater to.
[20] The loophole is in the covariant form of E¢(3.2). Since
(i) spatially closed; we are considering the homogeneous solution, we may as
(ll) either |nf|n|te|y extended in the timelike direction well switch off the Coup"ng to the current, so that
(eternal membraneor, compact without boundargvirtual
membrang vV, FrP7=0. (4.11
Consequently, the cosmological fiehd,,,, couples in a
gauge invariant waynly to bubbles whose history extends Here,V , represents the covariant derivative compatible with
from the remote past to the infinite future, or to objects thathe Riemannian metrig,,,(x), i.e., the connection is chosen
start as a point in the vacuum, expand to a maximum spatidb be the Christoffel symbol. In four dimensions there is only
volume, and then recollapse to a point in the vacuum. In sucbne generally covariant and totally anti-symmetric tensor,
a case, variation of the action with respectAp,, leads to  namely, the covariant Levi-Civita tensor:
Maxwell's equation

a,u F,uvpo:g Jveo, (4n SILVPU(X)E eﬂvmf' (4.12)

1
V=9(x)

where g(x)=detg,,,(x) and €“"?” is the constant Levi-
Civita tensor density. Thus, E@.11) may be solved by the
ansatz

The general solution of Eq4.7) is the sum of the free
equation solutiond=0), and a special solution of the inho-
mogeneous equatiorg¢ 0). The complete formal solution
is found by inverting the field equation according to the
Green function method: taking into account that the Maxwell

tensor is proportional to the epsildensor we find Fuvpo— 1P E(X), 4.13
—g(x)
HVpT — MVPU\/K+ (9[M£JVPU] (4.9
F —€ g O ' ' whereF(x) is a scalar function to be determined by the field

equations. The metric tensgr,,(x) and its determinant are
Inserting the above solution back into the actidr®), one  both covariantly constant with respect to the Christoffel co-
finds apart from the Nambu-Goto-Dirac term variant derivative. Thus, the(x) tensor has vanishing cova-

) riant derivative. By inserting the trial solutio@.13 in Eq.

S=—1 ail A+ g_JVPU'iJ .9 (4.1, one sees that the derivative operator bypasses the

2 3! 0o ree)s ' e(x) tensor and applies directly to the scalar functiex):

Exactly as in the (* 1)-dimensional case, we interpret e"P?(x)d,, F(x)=0. (4.14

the above expression as follows: ) ) )
Thus, the solution of Eq4.14) is again
1
S=-— Ef d*x[ “cosmological constant” F(x)=constJA. (4.15
+*“Coulomb potential”] + extra surface terms. To conclude the proof that represents a genuine cosmo-

41 logical constant, we need to compute the value of the classi-
(410 ¢4 action. This can be done by using the following property
of the e(x) tensor:

b1t seems to us that this result may well be a consequence of A€ po(X)=N=O(X) €prpes & pppa(X) X777 (X) = — 4]

duality between membranes as solitonic solutions of an underlying (4.1
field theory and membranes as fundamental objéotsa compre-
hensive review, see Refl19)). Thus,
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1 A
~ 5% f d“XV—gFWpF“”’J—J d*xy-g 3. SA+M3fMd3crv—YES(A;g)—S(A;g=0)
(4.17
9
Having clarified the physical meaning of the integration :?J d*x O(x)

constantA, let us consider the second term in the action
(4.9). Apparently, it describes a long-range, Coulomb inter- 92
action between the bubble surface elements. In reality, it rep- = ?f d4xf d40.54)[x_y(0.)]_
resents the bubble volume energy density written in a mani- B
festly covariant form. In fact, we can re-arrange that (4.23
Coulomb term as follows. From the definitigd.3) and the
condition (4.6), we deduce that B. Nucleation rate, symmetry breaking and mass
J"P7(x) = d,, KFP7(x) (4.18 With the results of the previous subsection in hand, we

can finally relate the nucleation rate of vacuum bubbles with
the idea of topological symmetry breaking and mass genera-
=0,J d*¢ 8Y[x—2Z(¢€)]dz*/\dZ"NdZP/\dZ°. tion. A common procedure for computing the nucleation rate
(4.19  of vacuum bubbles amounts, in our present formulation, to
analytically continuing the actiof4.23 to imaginary timé
However, in four dimensions

1
Se(F;g%) = Ef d4x[A—gz®B(x)]—M3f dPa\— 7.
KHvPo(x) = e#up(rJ' d*x [ x—Z(&)]=e*"P"O(X), o

(4.20
] o ) A semi-classical estimate for the nucleation rate of a spheri-
where®(x) is referred to as the characteristic function of the g pag of radiusR can be obtained through a saddle point
spacetime open sub-manifold bounded by the membranggiimate ofSe :
Thus, the Coulomb term can be rewritten in term39qi)

e T=g [S(Aig)~S(1:0)] = g~ S(R)

2 2

g vpo 1 — g nvpo 1 T
aJ EJVPU_aaﬂK E(? K.,.Vp[, 2
:exr{_(_QZR4_2W2M3R3) , (42@
2 4 _
g 1 R=R,
= E m 6MVP0'®(X) Earervp(r®(x)
' where the nucleation radiug, is a stationary point
1
=—g29,0 =30 IS(R) 6’
9795 - —Ry=—s. (4.27
R=R, g
=g%0(x), (4.22)
Then, one finds
where we have made use of the formal identéf(x)
=0 (x) and discarded a total divergence. Thus, the classical B a2 33
solution(4.8) and the actiort4.2) show that the cosmological e v=exg — 5 wRo (4.28

field A,,, does not describe the propagation of material par-

ticles; rather, it rep_resents a const_ant_ energy denS_ity backghich is the original Coleman—De Luccia result for the false
ground with two different values inside and outside theyacyum decay ratf22]. Apart from confirming the validity
membrane. Indeed, using the previous result, one may calcys oyr approach against a well-tested calculation, the Euclid-

solution(4.8), bubble may materialize in Minkowski spacetime as a space-
1 like domain at a finite time. This is precisely the “extrem-
S=— _f d*X[ A +g? @(X)]—Msf By y. al,” i.e., initial boundary of the membrane world manifold,

2 M and leads us to conclude, by the argument of the previous

(4.22 section, that the current associated with the bubble nucle-

. . . .ation process cannot be divergence free. Thus, a
Once again, we note that in the absence of gravity one is

at liberty to choose the “zero” of the energy density scale,

and thus measure the energy density with respect to the con- . . .

stant background represented by With that observation in ~ '€""*“—ie*"? under Wick rotation. Thus,
mind, the classical action turns out to be a pure volume term, oo L 1

as announced: 0 KA Ko+ 80, 00 59, OX). (4.24

025008-7



S. ANSOLDI, A. AURILIA, AND E. SPALLUCCI PHYSICAL REVIEW D 64 025008

Minkowskian description of the bubble nucleation processrom Eq. (4.30 is thatthe massless cosmological field can-
seems to be in conflict with the requirement of gauge invarinot couple to the current of a relativistic membrane which is
ance. nucleated from the vacuum

Against this background, we wish to show that a consis- In order to write down a self-consistent model for inter-
tent description, in real spacetime, of ttguantum nucle-  acting semi-infinite world histories, the coupling must in-
ation process, can be achieved by restoring the gauge invarolve a massive tensor field:
ance of the original action. However, restoring gauge
invariance is tantamount to “closing” the world history of S_J 4t
the membrane, so that no boundary exists. There are essen- ~ X
tially two ways to achieve this: in the Euclidean formulation
one bypasses the problem by “closing the free boundary in m? g
) ) o . . . + oA, AFP— —JHP A . (4.32
imaginary time,” so that the resulting Euclidean world mani- 2X 31 #re 3! mve
fold is again without boundary. Somewhat paradoxically, the
alternative procedure in real spacetime is to include in the Inspection of the above action tells us that the physical
action an additional source of symmetry violation in the formspectrum consists of massive spin-0 particles, in agreement
of a mass term for the cosmological field. We hasten to emwith property(b) listed in the previous section. However, in
phasize, before proceeding further, that the inclusion of ®rder to extract the full physical content of the systeh82)
mass term is not a matter of choice. As we have seen in we can proceed as follows. From the above action we derive
+1 dimensions, it is actually dictated by the self-consistencythe field equations
of the field equations. There, we have shown how the ex-
plicit symmetry breaking due to the presence of mass and the
topological symmetry breaking due to the presence of a
boundary actually conspire to produce an action which is P Aﬂyp:ijyp (4.3
gauge invariant, albeit in an extended form. Thus, in the last m m?’ '
analysis,it is the self-consistency of the theory that forces
upon us the introduction of a massive particle. Next, we use the identity

Consider the coupling of the cosmological fiedd,,,(x)
to a quantum mechanically nucleated relativistic membrane. R
According to the discussion in the previous section, the his-
tory of such an object is spatially closed, but only semi- (4.39
infinite along the timelike direction because the membrane . )
comes into existence at a finite instant of time. The nucle!N order to split the current into two parts
ation event provides a spacelike boundary that consists of a
two-surface where symmetry “leaks out” and gauge invari-
ance is broken. Therefore, the apparently gauge invariant ac- -
tion Evidently, J#*?(x) is the divergenceless, boundary free

current, whileJ#*?(x) represents the pure boundary current.

1 Auvp 1 Auvp
S5t e P = g PP 0 A

wnvp]

dy FMIPym2 ARrP =g JUP, (4.33

v [ 11/] [ 1V] Juvp L Juy
J“p—a”EjP +(9uajp5‘]ﬂp+‘]#p

9,347P=0, a,3wr=]". (4.36

So:f B e V= VP In a similar fashion we decompose the tensor gauge field
2X 417 e 4! N uvp] into the sum of a divergence-free and a curl-free part:
_ %J,uvp A}“}p) (4.29 AHVP= NRVP L ARVP (4.39
leads to field equations TuAP=0, IRy, =0. (4.38
g, MY =g JHve(x) (4.30 Consequently, the “Proca-Maxwell” equation@.33),
(4.39 split into the following set:
that are inconsistent. This is because the left-hand side of Eq.
(4.30 is divergence free everywhere due to the antisymme- 3y FMP L m2(ARVP 4 ABYPY = g JRVP 4 JHP)
try of the Maxwell tensor, whereas the membrane current is (4.39
divergenceless everywhere except at the nucleation event
where - g (4.40
d, AFP=—|"P 4.4
vp_—_ ;v )2 m
d,J*P=j"P+0. (4.31
Herej "’ represents thboundary currentocalized on the From Eq.(4.40 we obtain
initial two-surface. For a Minkowskian observer the mem-
brane is createex nihilo and its current suddenly jumps NW,:gamijw] (4.4
from zero to a non-vanishing value. Therefore, it cannot be m?" O ' '

“conserved” and the amount oftopologica) symmetry
breaking is taken into account §y*. Thus, what we learn Then, Eq.(4.39 becomes
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9 F)\,U.Vp_i_mzA,qu: j;/,vp’ 4.4 1 O >
A g 442 72 =% Cy)
which gives

2
o) 0] 1] v
=— dx® | d3x | d3 joK(x°x
Furpo— \/KGMVPU+g2 a[ﬂéjvpa’]_mZ a[ﬂéAVpa’] 4m Yl ( )

’ X 009) @47
= R m2 gl Ao, (4.43 =yl

whereF£"* represents the solution of Maxwell’'s equation §r;owintg that there is no physical particle mediating such an
interaction.

d,Fg"P7=g 3" (4.49
C. Restoring gauge invariance
obtained in the previous massless case. ) i
Substituting the solutiof.43 into the action(4.32), and In the previous subsections we have developed a self-
following step by step the same procedure outlined in th&onsistent model for membranes with a spacelike boundary,
previous subsection for the massless case, we obtain the céeupled to a massive tensor field. The price for that result is

responding result for the massive cosmological field: the apparent loss of manifest gauge invariance. As in the
case of “bubble dynamics” in +1 dimensions, this leads

us to the question: is there a way of introducing a mass term
5=f d*x >5car Fouvpe Fo™ into the action without spoiling manifest gauge invariance?
' Once again, we follow the original Stueckelberg proposal
m2 . O+ m?) . gm?, 1. [16] of restoring gauge invariance by introducing a mass
T 5%3l A‘”p( )A,uvp+ 3 I A term together with a compensating scalar field. Presently,
however, we need a modification of Stueckelberg’s approach
9% , that is suitable for our massive tensor theory of bubble dy-
a2 T namics. The procedure is straightforward. The only novel
aspect is that the role of compensating field is now played by

1 m . +m2\ . a two-index Kalb-Ramond potentid,,,(x) [23]. Accord-

=j d*x E[A—gzﬁ)(x)]— 5% 3] A’””( ) Lvp ingly, we modify the actior(4.32 as follows:

mz,\ ~ 2 )\;va_i Nuvp
+g3! I = Ay %j“”ijw Fruwp P = 2 FEE 00 Ay

1
2Xx41

. (4.45 S= f d*x

1

The first term is of the same form as in E@.22. It —%\]Wp Auvp+_(9[qup])
represents the bubble “volume action” with respect to the : m
constant energy density background that determines the false m2 1 1
vacuum decay rate. ) ~ 53| Aunet E&[MBW]) (A’U'Vp-i- Eﬁ“‘BV"]”.

The second and third terms govern the dynamica gof,
according to the equation (4.48

(O+m?A,,, =g (4.46  This action is invariant under the extended tensor gauge

: . ) transformation
We emphasize that this massive mode representoithe

propagating degree of freedom, exactly as in the

(1+1)-dimensional case. As a matter of fact, the last term in Pup=Iu gy (4.49
the action(4.45 represents a boundary induced Coulomb
interaction[21]. Indeed, a direct calculation taking into ac- oB,,=—mA,,. (4.50

countd, j**=0 gives

2 1 Note that thggauge invariantkinetic term forB makesA
izf d* i~ =i, massive: from a dynamical point of view, the presence of a
4m Higy boundary, or a nonconserved current, introduces a mass term

2 for the gauge field that the current is coupled to.

_ Z?nzf dx® d3x jOk(XO,)'(’)%jOK(XO')Z) The field equations become
g - 1
= 5| dx° f dx f dRy (X0, %) o R | A Al =g v, (45D
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g our formulation of bubble dynamics, and was illustrated in
d,| A*P+ Ef?[”BV”] =) (452 four as well as in two spacetime dimensions. Indeed, the
action functional of bubble dynamics can be defined in any
number of dimensions as a generalization of the Einstein-
Equation (4.52 assures the self-consistency of Eg4.51). Maxwell action for the dynamics of point charges on a Rie-
Moreover, using the same field decomposition as in the premannian manifold. As a matter of fact, gravity plays no spe-
vious section, we see that E@.52 fixes the divergenceless cial role in it: even though we have formulated the model for
componeanwp: a bubble in 3+ 1 Minkowski spacetime, it can be extended to
a generic p-brane embedded in a target space Mithp
+2 dimensions. In four dimensions and under the assump-
tion of spherical symmetry, the field equations of bubble
dynamics are integrablgl5]: the net physical result of the
while Eq.(4.5]) leads to the following expression f&~: A,., coupling to the membrane degree of freedom is the
nucleation of a bubble whose boundary separates two
vacuum phases characterized by two effective and distinct
cosmological constants, one inside and one outside the
bubble®
1. The three-index representation of the cosmological field is
F&7P7—m? &[”EA”’“’]- (454  the key to the whole formulation of topological symmetry
breaking and self-consistent generation of mass. That field,

Substituting the above expression into the action, we ob¥/e have argued, represents the ultimate source of energy in
tain after some rearrangement the bubble universe. But how does matter manage to “boot-

strap” itself into existence out of that source of latent en-

1

Szf d*x MFO uvpat 0 “cosmological constant” and the cosmological field comes

' into play: the original cosmological constant introduced by

BEE] 0 )A;va within the Hilbert action of general relativity; the cosmologi-
cal field, on the contrary, even though it represents a nondy-

AP 1 lugre] € [MlJP] 4.5
vpy vpl -~ 17 .
0 m 7" 5 (4.53

Frypo— \/KEMVP¢T+ g2 &[Méjvwl —m? (ylﬂﬁlAvw]

ergy? Here is where the difference between the conventional
F,uvpa'
m? . wp( O+ m? Einstein plays a somewhat passive role, in that it is “frozen”

2

gm?, n g . . namical gauge field, wilinteract with gravity and combine
JHP— A #y 4.5 i i iri
+ 31 O™ 22} g ler (459 with a bubble single degree of freedom thereby acquiring
mass as a consequence of topological symmetry breaking. In
1 g% . 1 . fact, there are some similarities with the Higgs mechanism
=— if d*x| A+ 5% 3l J“VPD . Juvp which may help to clarify the boundary mechanism of mass
’ production. For instance, the extended gauge symmetry
g2 (4.49,(4.50 represents the end result of a process that be-
— "= (456  gins with the violation of gauge invariance due to the pres-
4m Ul

ence of a boundary. Then, the Kalb-Ramond figld,, pre-

The final form of the actiori4.56 shows how the intro- Scribed by the Stueckelberg procedure, represents massless,
duction of a compensating Kalb-Ramond field, which is necSPiniess particles that play the role of Goldstone bosons.
essary for restoring gauge invariance, leads to an “effectivéiowever, while in the usual Higgs mechanism the spin con-
closure” of the membrane in the physical Minkowskian tent of the gauge field is the same before and after thg ap-
spacetime and is, in fact, an alternative to the Euclidean prg2€arance of mass, a new effect occurs when the gauge field is
cedure of closing the membrane in imaginary time. Auyp: When masslessy,,, carries no degrees of freedom,

However, it seems to us that a careful consideration of thdvhile Eg.(4.1) describes massive spin-0 particles in a repre-
boundary effect in the nucleation process of a vacuunsentation which islual to the familiar Proca representation
bubble in real spacetime has a clear advantage over the EQf massive, spin-1 particlg@4]. In light of this formal anal-
clidean formulation in that it brings out the existence of a9y With the Higgs mechanism, axions are interpreted as
massive pseudo-scalar degree of freedom which is otherwidB@ssless spin-O Goldstone bosons represented by a Kalb-
hidden in the energy background provided by the cosmologiRamond field while the physical spectrum consists of mas-
cal field.

V. CONCLUSIONS AND OUTLOOK 8The evolution of the bubble, which is controlled by the two cos-

mological constants and by the surface tension, can be simulated by
To the extent that the presence or absence of a boundafye one-dimensional motion of a fictitious particle in a potential

constitutes a topological property of a manifold, we may[11]; furthermore, a well defined algorithm exists that is capable of
refer to the idea underlying the whole discussion in this padetermining all possible types of solutions, including inflationary
per astopological symmetry breakinghe effect of this new ones, together with the region in parameter space where families of
mechanism on the inflationary-axion scenario is apparent igolutions can exist13].
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sive spin-0 particles represented by ngVp field. In this nism can be I'ifted to31 dimensioqs and reinterpreted in
sense, topological symmetry breaking by the boundary hathe cosmological context: th8,,,, field shares the same
the same effect as the breaking of the Peccei-Quinn symmgroperties of the gauge potentid), in two dimensions and
try in the local standard model of particle physics. polarizes the vacuum via the formation of secondary
We do not have at present a fully fledged quantum theorypubbles. Consider now a spherical bubble and focus on the
of bubble dynamics even though we have taken several stepadial evolution alone. The intersection of any diameter with
on the way to that formulatiofi7,25. However, if bubble the bubble surface evolves precisely as a particle—anti-
dynamics in two dimensions is any guide, one can anticipatgarticle pair in +1 dimensions. However, since there is no
the main features of the quantum theory: as the volume opreferred direction, the mechanism operates on concentric
the bubble universe increases exponentially during the inflashells inside the original bubble. Remarkably, the final result
tionary phase, so does the totablume energy of the inte- is again the production of massive pseudoscalar particles in
rior “de Sitter vacuum,” at least classically. Quantum me-the bubble universe. However, while in two dimensions
chanically there is a competitive effect which is bestGoldstone bosons do not exist, int3 dimensions they do
understood in terms of an analogous effect ihlldimen-  exist and have a direct bearing on the axion mass problem.
sions. As we have argued in the previous section, the"vol-Born out of the darkness of the cosmic vacuum, axions were
ume” within a one-dimensional bubble is the linear distanceinvisible to begin with and remain invisible to the extent that
between the two end-point charges. As the distance inthey are “absorbed” by the cosmological field. According to
creases, so does the potential energy between them. Quahis interpretation, one of the possible forms of dark matter
tum mechanically, however, it is energetically more favor-in the universe, in addition to massive compact halo objects
able to polarize the vacuum through the process of paifMACHO's), emerges as theecessarngnd product of a pro-
creation[26], which we interpret as the nucleation of second-cess, driven by the cosmic vacuum energy, according to
ary bubbles out of the vacuum enclosed by the originawhich gauge invariance and vacuum decay conspire to ex-
bubble. The net physical result of this mechanism is the protract massive particles out of the cosmological field of dark
duction of massive spin-0 particl¢é4]. The same mecha- energy.
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