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Gravitational Waves from Collapsing Vacuum Domains
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The breaking of an approximate discrete symmetry, the final stages of a first order phase
transition, or a postinflationary biased probability distribution for scalar fields are possible cosmological
scenarios characterized by the presence of unstable domain wall networks. Combining analytical and
numerical techniques, we show that the nonspherical collapse of these domains can be a powerful
source of gravitational waves. We compute their contribution to the stochastic background of
gravitational radiation and explore their observability by present and future gravitational wave detectors.
[S0031-9007(98)07955-1]
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In order to further our understanding of the physicalevolution of the unstable domain-wall network has been
processes that took place early in the history of the Unistudied numerically [13] and analytically [14].
verse we should explore potential events which may have We can envisage at least three scenarios where unstable
left an imprint detectable by current or future experimentsdomain wall networks can be generated: (i) the breaking
One exciting possibility is that certain primordial pro- of an approximate discrete symmetry in a thermal phase
cesses generated a stochastic background of gravitationahnsition; (ii) biased fluctuations in a nonthermal post-
waves. During the past decade or so, several cosmologiflationary scenario; (i) during the final stages of a first
cal sources (as distinguished from astrophysical sourcexrder phase transition, as bubbles of the true vacuum
such as coalescing binary systems [1]) of stochastic gravpercolate, leaving a disconnected network of shrinking
tational waves have been proposed [2]. These include irfalse vacuum domains.
flationary models [3], cosmic strings [4], strong first order We can model all these scenarios with a biased double-
phase transitions [5,6], and nontopological solitons [7]. well potential for a real scalar field,

All ground-based detectors (interferometric or resonant
bar), such as LIGO or VIRGO, probe the frequency A 1
interval 10 < f < 10* Hz. Lower frequencies are to be V(¢) = " (> — ¢p)* + h¢o¢<3 ¢ - ¢§> 1)
probed in space, as with the planned LISA mission, which
has a projected sensitivity aD™* < f < 1 Hz.

Here we propose another powerful source of pnmordehereh > 0 is a dimensionless constant which biases the
gravitational waves, the nonspherical collapse of boundefotential towards the-¢o minimum. The energy density
domain walls, or bags, which separate different vacuunglifference between the two minima is = 3 2¢g, while
regions. Zel'dovictet al. have shown that the appearancethe energy density barrier between the maximum  at
of domain walls is a direct consequence of the breaking offo = —(/A)¢o and the global minimum-« ¢.) is B =
a discrete symmetry [8]. In the same work, domain wallsﬁ i1 — O(h/A)]. Coordinates scale a6 = /A ¢ox,
were shown to be incompatible with big-bang cosmologywhile energies scale @ = (~/A/¢o)E.
as they would create a power law expansion ruled-out The formation of a domain-wall network during a phase
by observations. Thus, if domain walls were createdransition has been discussed in several works [4,9,10,12].
they had to disappear. One of the mechanisms proposéthere are two possibilities, determined by the probability
by Zel'dovich et al. was to consider arapproximate the field has of landing on either vacuym. There is a
discrete symmetry as opposed to an exact one; theritical “percolation probability” for a given vacuunp,..
difference in energy density between the two vacudror cubic latticesp. = 0.31, the value we will adopt here
generates a pressure force that eliminates the walls. Othgt5]. If both p+ and p_ are larger tharp,. both vacua
scenarios for the disappearance of the domain walls wengercolate, being separated by a domain wall stretching
investigated in Ref. [9]. across the lattice. At formation, the wall will be rather

The existence of walls and other topologically stableconvoluted, with local average curvature given by the
defects were explored by Kibble, who also suggested thgypical fluctuation scale, the correlation length If only
possibility of an approximate symmetry as a mechanisnp; > p., most of the volume will be in the--vacuum,
to eliminate the walls [10]. Several authors exploredwith isolated clusters (bags) of the negative vacuum with a
this idea further [9,11]. Recently, it was shown thatdistribution functionf(r) ~ !> exd —r], wherer is the
unstable domain walls could also be created during @aumber of cells of unit volum&,; = &3 in a given cluster
postinflationary nonthermal phase transition [12]. The[15]. We will call this case the “no-percolation” case.
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The energy density of an isolated domain is given by  For ellipsoids, we wrote

2 J—
pldy] = %(%) + %V@, “Veép + Vidy), @) ¢b(rz) =+ + ((ﬁ’fd’*)[l — tani(e/v2)], (5)
wheree is the solution of-2/(a + €)% + z2/(b + &)* =

where ¢,(x, 1) is the field configuration describing the For deformed Gaussians. we wrote

bag at timer. We define the average radius of an isolated

2
domain byRy, = ([dV | x | plew)/ [ dV o). ) — b + (b — do)explm——
Two forces will act on the walls; the tensio®y, $o(r.0) = ¢+ + (¢ é+) [Ro(1 + 8R)P?|’
which will act to straighten the walls, and the vacuum (6)

pressure,P, which will cause the domains to shrink. Where SR — Zl,m RinYim(6, ¢) measures the distortion

Here, we will corlS|der two possibilities. First, the no- om spherical symmetry. For axial symmetry we kept
percolation case,” where the false vacuum bags disappear

very quickly after they form, that is, withP, > Py m = 0. These configurations are then used as initial

. ! i . . . for solving numerically the Klein-Gordon ion
right at formation. This case is characterized by havmq?oarta:ﬁ (2 zS(t)) ,gs tlrj1e ecocn?igyurtagon ivol?/gsdion ti?r?:a\t/voe

several smaII“bags W'.th'n the rlorlzon. Second,i we W'“compute the emission of gravitational radiation using
consider the “percolation case,” where the tension forc%q 3)

Scale, before the vacuU pressure acts 1 accelerate theS SHOWn in Fig. 1, the energy of the il
’ ’ onfigurations can be well fitted b§o(R,y) = EJ(2)7.

walls against each other, causing the formation of larg ; . ’ : $o
unstable bags [9]. éor spherically symmetric domains with degenerate

We compute the output in gravitational radiation from Vacuay = 2. Writing also Eo(Rav) :anllfgw we obtain
the collapsing domains within the full, linearized gravity that the surface tension scalesaas= % (*)”*. From
approximation [16]. More details will be provided in a left to right, the sample points shown are as follows:
forthcoming publication. In the meantime, the reader mayfor ellipsoids (a b) = [(3 1.5),(2 4),(4 2),(4 6),(6 4),
consult Ref. [6], as we follow a similar approach. (6 10),(10 6)]; for deformed Gaussiangf¢ Ry 6R) =

The computation of the spectrum in gravitational[(4 3 0.5),(3 3 0.5),(4 4 0.8),(3 50.3),(4 50.5),(4 6 0.8),
waves from collapsing 3-dimensional domains in the(4 8 0.5)].
linearized gravity approximation is a rather cumber- In Fig. 2, we show the integrated energy in gravita-
some and computer-intensive task. As the authors dional waves, which can be fitted by a simple power-law
Ref. [6], we have limited ourselves here to studying therelation, Mp; = 1.2 X 10" GeV is the Planck mass]
spectrum for situations with axial symmetry. In our b0\ Ra \’
case, as toy models to more realistic bag configurations, Ecw(Ray) = E8W<M—> ( ¢ ) : (7)
we considered two types of domains, ellipsoids and Pl 0
deformed Gaussians. Contrasting our results with the
full 3-dimensional calculations for the simpler quadrupole 5 ‘ ‘
approximation, we conclude that here we are providing a L i
lower bound for the total output in gravitational radiation. L ellipsoid x10

The total energy radiated in the directidninto the Gaussian
solid angle() at frequencyw is given by,

dEgw
dwdQ)

= G’ [T# (K, w)sit 0 + Tk, w)cos 6

— Tk, w) — 2T%(k, w)sind cosd %,
®3)

whereT'/ (k, w) are the Fourier-transformed spatial com-
ponents of the energy momentum tensor for the field con-
figuration ¢, [6].

From simple scaling arguments, the integrated energy
radiated in gravitational waves can be written as

— 2p3
Eow(Ray) = €(Rav)Go™Ray , () 0.4 OT6 O“S ‘1

where o is the surface energy density for the domains, Log[r=R,,/¢,]

J— Rav a g ey 1
and e(Ryy) = €o(%, )" is the efficiency parameter, with 15 1 The initial energy of the nonspherical domains vs

€0 a number to be determined, is the7 = 0 correlation  their average radius for degenerate< 0) and nondegenerate
length. (h = 0.15) potentials. The power-law fits are shown explicitly.

Log[Eo/ (¢po/A"?)]

5498



VOLUME 81, NUMBER 25 PHYSICAL REV

IEW LETTERS 21 BcemMBER 1998

\ \
ellipsoid

Gaussian

[ R A

0.6 0.8
Log[r=R,,/&]

FIG. 2. The integrated output in gravitational radiation gener-,
ated during the collapse of the nonspherical domains vs thei

where fg(rmax) = [ rP3732¢77dr, is O(1) for all
interesting values of its parameters.

Using that the Universe is radiation dominated with en-
ergy densityp,.q = (72/30)g.T*, the fraction in energy
density from gravitational waves is, neglecting factors of

O(1), and usingl'z = 2¢y,
) S(Edw [ 100\ [ ¢\’
102A[2VA ] ( 1ot )( .. )(Mp1> . (1D

Since the domains will mostly have linear dimensions
of the order ofR,, ~ &, the dominant frequency of
emission isw = 1/R,, = V2A[2+/A]¢o. Redshifting

these quantities, we obtain
3/2 2
) ()

17 %1073 (100
(12)

hZQO _
WV RvATe \ e
and/® = 1.3 X 100VA[2VA]("2)13 Hz.
Using that the detector strain at the wave band given by
bservational frequency for stochastic gravitational ra-

QGW

$o
Mp

Egw
104

el — 181,20 0. 11/2
initial average radius. The sample points shown are the samdiation ishc(f) = 1.3 X 107 *[~*Qgw] /*(Hz/f) [17],

as in Fig. 1.

Comparing Egs. (4) and (7), we obtain that= o +
2y — 1, ande % [2/A]7!. The quantities with
a tilde are dimensionless guantities and the quantity i
the squared brackets comes from including thermal co
rections to the correlation lengti(7¢) = &o/(2vVA) =
ﬁn’ evaluated at the Ginzburg temperat
4¢3/(1 + 41), the temperature where the wall network
forms in a thermal phase transition [9,10].

we get
4.1 x 10730

100
hc(f) - (Zﬁ)_l/z

8=

Egw
10

$o
Mp

(S) ()

The no-percolation case is characterized by a very

)

(13)

?_ﬂgh frequency spectrum and small amplitudes, beyond

the presently projected sensitivity of ground-based inter-
ferometers. The situation is quite different for the perco-
lating case.

When both vacua percolate, they are separated by a
convoluted domain wall, with initial average curvature

Since the time scale of collapse is well approximatedr,, ~ ¢. The tension force dominates the wall dynamics

by the average size of the domains, the rate of emission

. ¢4 R B-1
bov =R ) (%) @
Mp, &0
The energy density in gravitational radiation for clus-
ters withr andr + dr cells in a time interval between
andr + dris

(9)

wherer = (R,,/&)3, and the number density ofclusters
can be written aa(r) = Cr~!'%¢~"/V,. Demanding that
the bags occupy a fractiop— of the horizon volume
(p- < p.), we can fix the normalization constant as
C =ep_.

The typical bag lifetimer is of the order oiR,, < Ay,
whereAy = (45/473g.)"/2Mp/T? is the horizon length

dpew = Egwn(r)dr dt,

andg. is the number of relativistic degrees of freedom at

temperaturd’. The total output in gravitational radiation
is thus

0

2
Mm) falrmad,  (10)

pow = 22 CA[2VA ]3E8w¢6‘(

®r a while, until the vacuum pressure starts accelerating
the walls against each other, eventually causing the
formation of large, unstable domains. In order for this to
happen, the asymmetry must satigfy< ¥ AV ED,
while, for the walls to disappear as their average curvature
reaches cosmologically significant scaleB,.(= Ap),
h= (W20 jgs ¢o/Mp)* Y EQ. To these bounds
we add the percolation constrainp— = 0.31, which
becomes: = 0.151 [9].

Writing the average radius of the domains Rg =
alAy, the energy density in gravitational waves from
collapsing domains isa(is not the same as the ellipsoidal

axis) pgw = fz% or with k = 45/3213,
H
B Y Gy A R
PGW K(3—ﬁ)/2gi'g_3)/2 My, .

The typical frequency will bef,, = [2maAy]!,
which redshifts to
)

o
My,

8

0 11 -1
~ 6.1 X 10
/ ¢ (100

) Hz, (15)
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S detailed analysis will be presented in a forthcoming

AN publication.
| N Itis clear that the stochastic background of gravitational
-15 SN AN - . . .
A NN waves left behind from collapsing domain walls can be
\Q\. N (a=1:h0.15) detectable for several situations of interest, illustrating
ety s N the potential impact of gravitational wave astronomy on
N D In. LIGO applications of particle physics to the early Universe.
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FIG. 3. Predicted detector strain vs dominant frequency band

from collapsing nonspherical domains. We also display the
sensitivities of the LIGO and LISA detectors. The solid squares
are for an electroweak transition At= 200 GeV and the solid
triangles for a hypothetical transition &t = 10° GeV.

while the fraction of the energy density in gravitational
waves today is

- Edw 100\
6.7 X 107 AT (S8 (1B~ /312
a3~ BNI=B)/2—B/2
X (

ﬂ)”_

Mp,
The detector strain in the wave bayids given by
1.7 X 10-29-8/2(Eaw)1/2(10)g+(1/3))/4

8«
>< (

0

QL =

(16)

he(f) a1=B)/2)\(1=P)/4—B/4

)(3,8)/2

)
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