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Gravitational wave generation from bubble collisions in first-order phase transitions:
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Gravitational wave production from bubble collisions was calculated in the early 1990s using numerical
simulations. In this paper, we present an alternative analytic estimate, relying on a different treatment of
stochasticity. In our approach, we provide a model for the bubble velocity power spectrum, suitable for
both detonations and deflagrations. From this, we derive the anisotropic stress and analytically solve the
gravitational wave equation. We provide analytical formulas for the peak frequency and the shape of the
spectrum which we compare with numerical estimates. In contrast to the previous analysis, we do not
work in the envelope approximation. This paper focuses on a particular source of gravitational waves from
phase transitions. In a companion article, we will add together the different sources of gravitational wave
signals from phase transitions: bubble collisions, turbulence and magnetic fields and discuss the prospects

for probing the electroweak phase transition at LISA.

DOI: 10.1103/PhysRevD.77.124015

I. INTRODUCTION

In the next decades, a new science will emerge from
direct detection of gravitational radiation that will open a
qualitatively new way of probing the distant universe.
Ground-based (LIGO [1] and VIRGO [2]) and space-based
(LISA [3]) interferometers will reach the required sensi-
tivity to detect many kinds of distant sources over a range
of more than a million in frequency. Because gravitational
waves (GW) penetrate all regions of time and space, with
almost no attenuation, GW detectors can explore scales,
epochs and new physical effects not accessible in any other
way.

Although the first GW detections will come from astro-
physical processes, such as merging of black holes, another
mission of GW astronomy will be to search for a stochastic
background of GWs of primordial origin. An important
mechanism for generating such a stochastic GW back-
ground is a relativistic first-order phase transition [4,5].
In a first-order phase transition, bubbles are nucleated,
rapidly expand and collide. The free energy contained in
the original vacuum is released and converted into thermal
energy and kinetic energy of the bubble walls and the
surrounding fluid. Most of the gravitational radiation
comes from the final phase of the transition, from many-
bubble collisions and the subsequent MHD turbulent cas-
cades. The associated GW spectrum encodes information
on the temperature of the universe 7, at which the waves
were emitted as well as on the strength of the transition.
The characteristic frequency of the waves corresponds to
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the physics that produces them. For cosmological pro-
cesses, this is close to the Hubble frequency, H ~
T2?/Mp,. Once redshifted to today, this corresponds to

T>'<
f~1mHz———.
100 GeV

ey
Remarkably, for transitions occurring near the electroweak
epoch, f is in the frequency range covered by LISA
(107#=1072 Hz). It is therefore very exciting that LISA
could help in probing the nature of the electroweak phase
transition, and therefore provide information that is com-
plementary to the Large Hadron Collider and the future
International Linear Collider.

Many types of new physics predict first-order phase
transitions. Electroweak symmetry breaking in extensions
of the standard model may be associated with a first-order
phase transition (see, for example, Ref. [6]). Besides, the
last decade has seen the emergence of the “‘landscape
picture,” following developments in string theory.
Strongly warped regions (throats) in higher-dimensional
space-time are generic features in the string-theory land-
scape [7] and the phenomenological consequences are only
starting to be explored (for instance through the prototype
of Randall and Sundrum [8]). One interesting aspect is the
cosmological evolution in these backgrounds. Thanks to
holography and the anti—de Sitter/conformal field theory
correspondence, a change in the 5-dimensional metric as
the temperature decreases can be understood as a confining
phase transition in the dual 4-dimensional gauge theory,
and in models like [8], we typically expect first-order phase
transitions at the TeV scale [9—13]. Finally, phenomena
such as preheating at the end of inflation could share some
common features, as far as gravity wave emission is con-
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cerned, with the physics of first-order phase transitions
[14-16].

The GW spectrum resulting from bubble collisions in
first-order phase transitions was computed in the early
1990s [17-20]. It was realized 10 years after the original
calculation of [17-20] that turbulence in the plasma could
be a significant source of GW in addition to bubble colli-
sions [21,22]. Subsequently, the authors of [23] studied the
GW signal due to a first-order electroweak phase transition
in the minimal supersymmetric standard model and its
minimal extension. More recently, model-independent
analysis for the detectability of GW with LISA [24,25],
LIGO and BBO [25] were presented, relying on the for-
mulas derived in [17-22]. The spectrum derived in
Refs. [17-20] was estimated using numerical simulations,
and no alternative calculation was performed afterward. As
argued above, we believe this is of high interest and it is
time to revisit this question. In this paper, we present an
analytical calculation of the stochastic GW background
resulting from bubble collisions only." Since bubble colli-
sions take place in a thermal bath, and since we want to
extend our treatment to deflagrations, we use the energy-
momentum tensor of the relativistic fluid in the vicinity of
the bubble wall as the GW source, rather than the energy
momentum of the scalar field. The result we find is com-
parable to that obtained by numerical simulations although
the peak frequency is parametrically larger.

A deterministic spherically symmetric expanding bub-
ble does not produce gravitational radiation by itself. The
reason is that the transverse and traceless part of the
energy-momentum tensor for a radial deterministic distri-
bution of the velocity field is identically zero (as we
demonstrate in Appendix A). To produce a nonzero back-
ground of GW, one has to account for the fact that, towards
the end of the phase transition, the collision of bubbles
breaks spherical symmetry and leads to a nonzero tensor
anisotropic stress. In the numerical simulations of
Refs. [17,19,20], this is accounted for by evaluating the
transverse-traceless component of an “‘incomplete”
energy-momentum tensor coming from the portion of bub-
ble wall that remains uncollided at a given time. This
energy-momentum tensor is not spherically symmetric
and has a nonzero tensor anisotropic stress component.
The total tensor anisotropic stress is obtained by summing
all the contributions from single uncollided bubble walls.
Each simulation provides a given configuration of uncol-
lided bubble walls; bubble nucleation and collision being
random processes, the GW power spectrum is obtained by
averaging the results of several simulations. This proce-

"Turbulent fluid motions triggered by bubble collisions to-
gether with magnetic fields are actually additional relevant
sources for gravity waves from phase transitions. These effects
have been reexamined recently [26—28] and since the subject is
not closed, we will present revisited results from these contri-
butions elsewhere [29].
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dure is valid under the thin-wall “envelope” approxima-
tion, i.e. when the transition is strong and the bubble front
evolves as a detonation.

In the analytical evaluation which we present here, the
situation is quite different. The GW production comes not
only from the bubble wall, but from the entire fluid velocity
profile in the vicinity of the phase discontinuity. If the
nonzero fluid velocity shell contracts to a surface with
vanishing thickness, no gravitational waves are produced.
Therefore, we are not working in the thin-wall approxima-
tion, and this is why we are able to apply our results also to
the case of deflagrations.

The paper is organized as follows. In Sec. I we review
the general procedure for calculating the relic energy den-
sity stored in a stochastic background of gravitational
waves. Section III describes our model of the GW source,
the calculation of the bubble velocity power spectrum and
the anisotropic stress power spectrum. In Sec. IV we define
the time dependence of the phase transition parameters. In
Sec. V the calculation of the GW spectrum, applicable both
for detonations and deflagrations is presented. In Sec. VI,
we make some comments on our analytical approach. In
the last section we collect our final results and compare
them with the existing formulas used in the literature.
Some technical aspects related to the calculation of the
velocity power spectrum are collected in Appendix B.
Appendix C is a discussion on the behavior of the small
and large scale tails of the GW power spectrum. While the
existing literature provides approximate expressions for
the peak amplitude and peak frequency of the signal, there
is no justification for the shape of the spectrum. Our
analytical approach provides a rationale for it based on
simple dimensional arguments.

II. GRAVITATIONAL WAVE POWER SPECTRUM:
GENERAL REMARKS

Our goal is to estimate the gravitational wave energy
density generated by bubbles during a first-order phase
transition. This kind of cosmological source leads to a
stochastic background of GW, which is isotropic, station-
ary, unpolarized and therefore characterized entirely by its
frequency spectrum [30]. We consider a Friedmann uni-
verse with flat spatial sections. The tensor metric perturba-
tions are defined by

ds* = a*[—dn* + (8;; + 2h;;)dx'dx']. )
The gravitational wave energy density is then given by

<hij(x)hij(x)>.

87Ga(n)? ®)

pew(n) =
The overdot denotes a derivative with respect to conformal
time and (- - -) denotes both time averaging over several
periods of oscillation and ensemble average for a stochastic
background. The variables x and later also r denote co-
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moving distances, 1 and later 7, { denote comoving time.
The density parameter is always scaled to today, Qy(n) =
px(n)/p.(ny), where the index O indicates the present
time. For relativistic species we have therefore Qy(7n) =
Qy(no)/a*(n). We normalize a(n,) = 1 and sometimes
denote the present value of a density parameter simply by
Qyx(ng) = Qy;  likewise, p. = p (o). =a/a
denotes the conformal Hubble parameter. The radiation
energy density today is taken to be Q,4(no)h’> =
Q,ah? = 4.2 X 1073 [31].

We define the statistically homogeneous and isotropic
gravitational wave energy density spectrum by

(hij(k, R} (q, ) = 6(k — Qlal(k,n)., 4

where k is the comoving wave vector. The gravitational
wave energy density, normalized to the critical energy

density is
pew(n) f‘” dk
Pec 0

where the factor (277) ® comes from the Fourier transform
convention. We want to estimate the present day gravita-
tional wave energy spectrum, in other words the gravita-
tional wave energy density per logarithmic frequency
interval,

K2|h|*(k, 1)

Q 7’
aw(m) = 227)°Gp, a®

(&)

dQ gy (k)

_ RIAPR(, o)
dink | »,

2Q2m)°Gp, ©

In an expanding radiation-dominated universe, /;;(k, 1) is
the solution of the wave equation

hij(k, ) + ;hij(k: n) + k*h;;(k, n)

= SWGaZ(n)Hij(k) ). (N

I1;;(k, ) is the tensor part of the anisotropic stress, the
transverse-traceless component of the energy-momentum
tensor that generates tensor perturbations /;; of the metric:

Ik, n) = 3PiiPu) Ti(K, 1), 3)

where P;; = 9;; — lgilgj is the transverse projector and
T,,(k, ) are the spatial components of the energy-
momentum tensor. As will be discussed in the next section,
the anisotropic stress is a stochastic variable for the gen-
eration process under consideration. It accounts for the
intrinsic randomness of bubble nucleation and collision.

Our source of gravitational radiation is active for an
interval of time corresponding to the duration of the phase
transition, which is much shorter than one Hubble time
[32,33]. We can therefore neglect the expansion of the
Universe while the source is still active, and rewrite
Eq. (7) as

(PP —

877'Ga

hifi(x) + hij(x) = —5—11;;(x), ()]
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where x = km, the prime denotes a derivative with respect
to x and a. is the scale factor at the time of the phase
transition. The dependence of /;;(k, 1) on directions of the
wave vector enters only in the polarization of the wave and
is irrelevant for our discussion. As will become clear at the
end of this section, in Eq. (16), this is due to statistical
homogeneity and isotropy of the source. We assume that
the source turns on at time 71;, and turns off at time 7.
The solution of (9) is

8 G 8nGax
hij(x = xg,) = wGa;

f dyGu I, (10)

where y = k7 (7 denotes conformal time) and G =
sin(x — y) is the Green function satisfying G(x, x) = 0
and G'(x, x) = 1. Once the source is no longer active, we
have to match the above solution with the solution of the
free wave equation during radiation domination

hi(x) + = h’ ;) +hi(x) =0 (11)
hij(x > -xﬁn) _ Aij Sln(x - xfin) + Bij COS(X - xfin) ) (12)
The matching procedure gives the coefficients
87wGa?
Bij k xtmf dy Sln(xtm y)]'_[lj(y)
B,- i 8’ITGCZ4< Xfin
A= — —5  Xfin dy cos(xg, — )’)sz()’)-
Xfin k Xin
(13)

In order to simplify the equations, we neglect the first term
in A;; which gives a subdominant contribution to the GW
spectrum in the range of frequencies we are interested in.
In fact, this term contributes in a sizable way only for
modes larger than the horizon,

Xtin = k7gin = 1, k=1/mg=H. (14
where H . denotes the conformal Hubble factor at the time
of the phase transition, and is assumed to be constant from
Nin t0 Mg, since the phase transition lasts for a time much
shorter than one Hubble time. We will see that the GW
spectrum grows very steeply at large scales (as k) and
peaks at a scale corresponding to the maximal size of the
bubbles, which is typically much smaller than the horizon.
Therefore, we are mainly interested in the subhorizon part
of the spectrum and in order to evaluate it we can safely
neglect the term B,;/xp;,. Using definition (4) and solution
(12) we finally find (z = k{)

124015-3



CAPRINI, DURRER, AND SERVANT

|1 (k, x)|* = 2((Al, i)t (ByB)

8 7TGa,( .Xf Xfin Xfin
mn d d
( k2 ) 2x /;in Xin ¢

X cos(z — y)I1(k, y, z). (15)

In the double integral above, we have combined the prod-
ucts of two Green’s functions into the simpler term cos(z —
y). Moreover, we have introduced the unequal time corre-
lator of the tensor anisotropic stress in Fourier space,

Ik, Mg, £)) = 8(k — @)IL(k, k7, k{).  (16)

The delta function is due to the statistical homogeneity of
the source, and because of statistical isotropy the power
spectrum of the anisotropic stress only depends on the
wave number. Note that for the matching we have used
the free wave propagation equation (11), which is valid in
an expanding, radiation-dominated universe with a(n) =
7. Hence, solution (15) for n > 7). implicitly assumes that
the number of relativistic degrees of freedom is constant.
We come back to this issue in Sec. V.

To summarize, in order to determine the spectrum of the
gravitational radiation equation (6), we have to calculate
the power spectrum of the anisotropic stress evaluated at
different times. This requires computing the correlator of
the energy-momentum tensor. The next section is devoted
to a calculation of II(k, y, z) [Eq. (16)]. For this we need a
model of the energy-momentum tensor that sources the
gravitational waves.

III. MODEL OF THE GW SOURCE

We now develop a model for the stochastic source of
gravitational radiation. We are dealing with a cosmological
first-order phase transition taking place in a thermal bath
[20,34]. The cosmic fluid of the initial metastable phase
supercools until the nucleation of bubbles of the final phase
can start. The initial high-temperature phase or false vac-
uum is typically but not necessarily the symmetric phase.
However, in the remainder of the paper, we will use the
term ‘“‘symmetric” for the initial phase and ‘“‘broken” for
the final phase. The phase transition ends when the entire
Universe has been converted to the broken phase by bubble
percolation. We are only interested in the last stages of
bubble growth. Towards the end of the phase transition, the
bubbles can be considered simply as spherical combustion
fronts moving at constant velocity [35]. Any memory of
the initial shape of the bubbles, driven by the scalar field
dynamics, is lost and the problem can be reduced to a
purely hydrodynamical description. The bubbles are mod-
eled as spherically symmetric configurations of fluid ve-
locity. The velocity field is a stochastic variable, following
the intrinsic stochasticity of the nucleation process.

PHYSICAL REVIEW D 77, 124015 (2008)

A. Anisotropic stress power spectrum:
General remarks

Since we are interested only in the anisotropic stress, we
start with the spatial, off-diagonal part of the energy-
momentum tensor of the cosmic fluid, quantifying the
spatial components of the kinetic stress-energy tensor of
a bubble configuration [20]:

v (x T)vp(X, 7)

(p+p)— (%, 7)

a7)

Tab (Xy T)

v is the velocity of the fluid in the frame of the bubble
center, and v = ||v||. We want to calculate the anisotropic
stress power spectrum given in Eq. (16). In order to sim-
plify the calculation, we neglect the spatial dependence of
the fluid enthalpy density w = p + p and of the gamma
factor > = 1/(1 — v?). This assumption is necessary in
order to be able to proceed analytically. It supposes that the
only stochastic variables in the problem are the fluid ve-
locity components v, (X, 7), and that the spatially depen-
dent 7y factor can be approximated by y(x) = (y) = . The
consequences of this assumption cannot be quantified ex-
actly. However, we know that (v?) varies smoothly from
v3(rin/R)? to v? [see Eq. (27)] where ry, and R are defined
in Eq. (26). A conservative choice is to always set (v?) to
its smallest value, and this is what we will do in Egs. (55)
and (56). Under these assumptions, we can write the
Fourier transform,

w(r)

T, (K, T) = 1_71}2(7_)

jfmwk—nﬂwmﬁlﬂ&

With this expression, the power spectrum of the energy-
momentum tensor involves the four-point function of the
velocity distribution:

w(T)w(Z
(1 =237 - v2(§)) /
x[fM%m—nﬂ%mm)

X v.(q—h, Hvyh, ). 19)

(Tap(k, IT4(q, 0)) =

There is in principle no reason why our stochastic velocity
field should have a Gaussian distribution. However, we
have to make some assumptions in order to calculate
analytically the four-point function in the above expres-
sion. As one often does, we assume that Wick’s theorem,
which is strictly valid only for Gaussian random variables,
gives a good enough approximation to the four-point func-
tion. It certainly gives a better estimate than, for example,
the simple product of expectation values. Applying it we
find
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w(r)w({)
(1 = v (1)1 = v*())

X fd3p[éac(p, 7,{)

X Cpallk —pl, 7,0) + Coa(p, 7, 0)
X Cpellk = pl, 7, 0)] (20)

(Tup(k, 1)T7,(q, 0)) = 6k —q)

where

Cacp 7 0) = [ drCuclr O,

Coelr, 7. {) = (v (x, v (x +1,0)).

21

The correlation between point X and pointy = x + ris a
function of r only because of statistical homogeneity.

In our approach, the ensemble average in Eq. (3) is now
traced back into a correlator for the bubble velocities. This
is where the stochasticity of the process is encoded. Since
the velocity field is statistically homogeneous and iso-
tropic, its power spectrum has the general form (see
Sec. IIIB 1)

Coelp. 7. 0) = F(p, 7, 0)84c + G(p. 7, Opabe- (22)

The power spectrum of the tensor part of the anisotropic
stress is calculated using the definition (16) by applying the
transverse-traceless projector as in Eq. (8):

Ik, DIG(q, £)) = PapealTan(k, T)T74(q, £))
Papea = (PigPjy, = 3PP o) (K)
X (PicPjq = 3PiiP.a)(q). (23)

A somewhat lengthy calculation yields

w(r)w({)
(1 = v*(1)(1 = v*())

x [ & p[4F(p)F(Ik — pl)

+2(1 = B)F(p)G(k — pl)
+2(1 = A)G(p)F(k — pl)
+ (1 =1 - B)HG(p)G(k — p)]

Ik, 7, ¢) =

(24)

where A =k - p and B = k- k,—\p and we have sup-
pressed the time variables 7 and { in F and G.

The problem is now reduced to the determination of the
functions F and G which define the power spectrum of the
fluid velocity via Egs. (21) and (22). For this, we need a
model of the fluid velocity which we discuss next.

B. Velocity profile of bubbles

Since we are only interested in the last stage of the phase
transition, we consider the hydrodynamics of bubble
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growth at late times, when a steady state solution is
reached. The bubble wall, in other words the combustion
front where the phase transition is happening, is moving at
constant velocity. In the hydrodynamical description of the
combustion, the front is treated as a surface of disconti-
nuity. Energy and momentum must be conserved across the
front and all the entropy production is confined to it
[34,35]. Elsewhere, the fluid is in a state of thermal equi-
librium. The energy-momentum tensor of the burnt (bro-
ken) and unburnt (symmetric) phases is simply that of two
perfect fluids [see Eq. (17)]. There are two kinds of solu-
tions to this hydrodynamical problem, detonations and
deflagrations. These are classified following the character-
istics of the fluid flow in the rest frame of the combustion
front [36,37].

In detonations, the incoming velocity of the symmetric
phase fluid into the front is supersonic v > ¢, in the rest
frame of the front. The outgoing velocity of the broken
phase fluid out of the front can be supersonic v, > ¢, for
weak detonations, or equal to the speed of sound for
Jouguet detonations v, = c,. The case of strong detona-
tions v, < ¢, is forbidden [36]. Although weak detonations
are possible [38], in the following we concentrate for
simplicity on the case of Jouguet detonations. This is the
case analyzed in [20], for which the dynamics of the bubble
growth is completely determined in terms of the phase
transition strength. Since both fluid phases are relativistic,
they have the sound speed ¢, = 1/+/3. In the rest frame of
the bubble center, the velocity of the bubble front vy is
supersonic, corresponding to v, = v > ¢,: the symmetric
phase fluid is therefore at rest, and the front is followed by
a rarefaction wave in the broken phase fluid. The rarefac-
tion wave brings the fluid motion to rest towards the center
of the bubble. Near the detonation front, the broken phase
fluid velocity v; in the rest frame of the center of the bubble
is simply given by the Lorentz transformation

_ Uy T Uy
Uf—

(25)

1 —vv,

The velocity profile of the broken phase fluid for a Jouguet
detonation has been studied in detail in Refs. [20,34,36]
and is shown schematically in the top panel of Fig. 1. As
customary, we show the velocity profile as a function of the
parameter r/t. Here t = 0 is the time of bubble nucleation
and r denotes the distance from the bubble center.” We
remind one that this situation corresponds to the steady
state solution at late times, long after the nucleation time.
The velocity of the broken phase fluid goes to zero in the
interior of the bubble at a distance from the center corre-
sponding to ¢t [36].

For deflagrations, on the other hand, the incoming ve-
locity of the symmetric phase fluid into the front is sub-

*Throughout this section, for simplicity we use a generic time
variable t; we switch back to comoving time in Sec. III B 2.
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sonic v| < ¢,. The outgoing velocity of the broken phase
fluid out of the front can be subsonic v, < ¢, for weak
deflagrations, or equal to the speed of sound for Jouguet
deflagrations v, = c,. Strong deflagrations are again im-
possible [36]. In the rest frame of the bubble center, the
velocity of the bubble front corresponds in this case to
v, = v,. The front moves at subsonic velocity v, = v, =
¢, and is therefore preceded in the symmetric phase by a
shock wave. Inside the combustion bubble (broken phase)
and outside the shock wave (symmetric phase) the fluid is
at rest; in between, the fluid moves outward. In the case of
planar deflagrations, it does so at constant velocity given
by v; [Eq. (25)] [35,36]. The qualitative features of the
velocity profile for a planar deflagration are shown in the
middle panel of Fig. 1.

For our analytic calculation, we want to simplify the real
velocity profile both for detonations and deflagrations. We
assume a velocity profile which grows linearly within a
shell near the bubble wall, as shown in the bottom panel of
Fig. 1. We have normalized the velocity profile at the outer
boundary (bubble wall or shock front) to the correct value
v; for detonations and deflagrations. This is because the
biggest contribution to the GW energy density comes from
the highest velocity region. Therefore, our approximated
profile does reproduce the most relevant feature as far as
GW generation is concerned. The boundaries of the shell,
defined as v;,; and v, in Fig. 1 are left as free parameters,
in order to allow for an approximated description of both
detonations and deflagrations.

The simplified profile is
|

v,(x, 1) =

{OH/RXX-XMH
0

Here x, is the position of the bubble center. The radii of the
shell’s inner and outer boundaries are respectively r;, =
vt and R = v, ¢, where ¢ is much later than the nuclea-
tion time ¢ = 0. In the case of Jouguet detonations, the
inner boundary is in the broken phase and corresponds to
vine = ¢,. For deflagrations, it corresponds to the bubble
wall, v;,; = vo = vy,. The radius of the outer boundary is
R = v, t and for detonations it is associated to the bubble
wall velocity v, = v; = vy, while for deflagrations to
the shock front vy, = vgec- TO sSummarize, the detona-
tions are as follows: v;, = ¢, and vy, = v; = vy,. The
deflagrations are as follows: vy = vy = vy, and vy, =
Ugock- The numerical values of v;,, vy, and vy will be
crucial in determining the amplitude of the GW signal and

In Appendix A of Ref. [20] it is shown that, in the case of
spherical deflagrations, the velocity profile actually decreases
between v, and v, We do not account for this behavior here,
since in any case we are forced to introduce an approximate form
for the velocity profile.

for rip = Vind < |X — Xo| < R = vy,
otherwise.
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Vi
(6] s v 1 >cC s
Vi
V2§Cs Vshock>cs
Ve
v, Fint
R
Vint Vout

FIG. 1 (color online). This figure shows the qualitative profile
of the velocity of the broken phase fluid in the frame of the
bubble center, for detonations (top panel), planar deflagrations
(middle panel) and the approximation given in Eq. (26) (bottom
panel). The horizontal axis shows r/t where t denotes the time
after bubble nucleation (¢ = 0) and r is the distance from the
bubble center.

(26)

will be discussed in Secs. VB and VC. A schematic
drawing of the bubble (or shock front) is given in Fig. 2.

1. Velocity power spectrum

Given the velocity profile, we can proceed to calculate
the velocity power spectrum. We start by evaluating the
two-point correlation function at equal time for fixed posi-
tions x and y defined in Eq. (21). The position of the bubble
center X, defined in Eq. (26) is the stochastic variable.
Therefore, in the region of nonzero velocity we have

2
(vilx, v,y 1) = 2L~ %0y ~ x0)) (D)

where we remind one that v; is the maximal value of the
fluid velocity in the rest frame of the bubble center. For the
velocity correlation function not to be zero, x and y must
be separated by a distance |x — y| < 2R and they have to
be in the same bubble (or shock wave, in the case of
deflagrations). Moreover, they have to be in the shell where
the fluid velocity (26) is not zero. These conditions are
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FIG. 2. A schematic drawing of the nonzero velocity region,
corresponding to the bubble (for detonations) or to the shock
front (for deflagrations).

satisfied provided that the center x, of the bubble they
belong to is in a volume V; given by the intersection of two
shells centered in x and y, which have inner radius r;,, and
outer radius R (see Fig. 3). Therefore, the correlation
function is given by the mean over all the possible center

PHYSICAL REVIEW D 77, 124015 (2008)

positions x, within this intersection volume, multiplied by
the probability o () that there actually is a bubble center in

this region:
f d )CO

As is customary in cosmology, here we use the ergodic
assumption: ensemble averages are equivalent to space
averages. The probability of having a bubble center in
the intersection region is simply given by

(vi(x, vy, 1)) = o f) — X)i(y — X¢);-

(28)

o) = (1) 9)

where ¢(7) is the fraction of volume occupied by bubbles
at time ¢, and V, is the total volume of the two spheres
respectively centered in x and y, i.e., the volume of the
region where X, can be in order for x or y to be in the
bubble of radius R around x;: the total volume of the two
overlapping spheres in Fig. 3. Setting r = x — y we find

27 3,300 r

V. 3 (2R +2R r 8) (30)

The tensorial structure of the two-point correlation func-
tion of a statistically homogeneous and isotropic field is
known: the correlation function can only depend on the
distance between x and y. We choose an orthonormal basis
with X —y || é,. The off-diagonal components of the in-
tegral in Eq. (28) are zero by symmetry, and therefore we

FIG. 3 (color online).

This figure shows how the intersection volume V; changes as a function of the separation between x and

y, ¥ = |x —yl|, where x and y are located at the centers of the shells. The upper left, upper right, lower left and lower right plots,
respectively, correspond to 0 =r =R —ryp, R — rin =7 =2rjp, 2Fine <7 <R+ rjpe and R + riy = r = 2R. Therefore, this
figure does not depict bubble collision (in our approach we do not actually collide bubbles). The shaded volume does not represent the
volume of intersection between two different shells, but it accounts for all possible positions of the center of the bubble to which two
given points x and y belong.
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find Fourier transform)

Lij(r, R, rin) = fv_ Bro(x — Xy — x0);, (B (wilk Dl 0) = 8(k — )ik, 1)
, = 8(k — Q)[F(k, 1)8;; + G(k, DK},

v 1 (34)
<vi(X’ t)vj(y: t)> = ¢(I)R72 Vlij(r: Rr rint)’ (32)
2
o _ Ui Iy 1d (In—1I
Lij(r, R, rin)) = 11185 + (Ipp — I1)) 77 (33) Flk 1) = d)(t)ﬁ[f(VC) k %f(ﬂ—vc ]’ (35)
(since Iy; = I3). The functions /;; and I,, have to be
calculated by performing the necessary integration in the V2Tl d I — 1
four volume regions V; shown in Fig. 3. The details of the Gk, 1) = ¢(1) R_fz [z o7 F (222—‘/11)
calculations are given in Appendix B. Ve
The velocity power spectrum is then obtained by Fourier _ d’ I, — Iy 36
transforming the two-point correlation function (32) with di? v, )] (36)

respect to the variable r. Remembering the definitions (21)
and (22) one finds the general expressions (F denotes the where we remind one that ¢(7) is defined below Eq. (29).

107 107°
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FIG. 4 (color online). Velocity power spectrum. The top left panel shows the function A(K) determining the diagonal part of the
velocity power spectrum and the fit given in Eq. (39) for different values of s = vy /Voy = Fine/ R. The solid lines from top to bottom
are the correct functions and the dashed lines are the fits for s = 0, 0.6 and 0.75, respectively. The top right panel shows the function
B(K) and the fit given in Eq. (40), again for the same values of s. The approximations overestimate for s > 0.74 by about 16%. The
lower panel shows again A(K) and B(K) and the fits of Egs. (39) and (40) for s = 0.6. The flatter curve is A(K) and the dashed line is
its fit given in Eq. (39). We note the white noise behavior of A(K) for small values of K. The more peaked solid line is B(K) and the
dashed line the fit given in Eq. (40). At small K, B(K) grows like K> while A(K) is constant. At large K both functions decay like
K.
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We define the new dimensionless variable K = kR and
the fraction

s = vim/vout = rint/R- (37)

Note that 1 — s = (R — ry,;)/R is the relative thickness of
the shell, and will contribute to the amplitude of the GW
signal. In our approach, the GW signal will vanish in the
limit of vanishing thickness. We perform the Fourier trans-
form and obtain the following expression for the velocity
power spectrum:

(vi(k, Nvi(q, 1)) = 8(k — @)47d(t)viR(1)’

X [A(K)S;; + B(K)kk;] (38)
A(K) = 0.0025(1 — s%)
exp(—K?/12) if K =45
% {eXp(—4.52/ 12)E) if K = 435, %9)
B(K) =0.0180(1 — s%)
exp(—(0.7 — 2.5)*/2)(f)* if K=0.7
X { exp(—(K —2.5)2/2) if0.7<=K=45
exp(—(4.5 - 2.5)2/2)(53)* if K = 4.5.
(40)

The last two equations are good fits to the real functions
A(K), B(K) which are shown in Fig. 4. A(K) behaves as
white noise for K < 1 while B(K) « K?. On small scales
(large values of K) both A(K) and B(K) decay like K~*. In
the region where A(K) and B(K) are maximal, our approx-
imations overestimate the real functions for values of s >
0.65 (we will comment on this in Sec. V B). In the follow-
ing analysis we will consider the maximal value of s =
0.74: for this value the approximations overestimate by
about 16%.

The behavior of A(K) and B(K) can be predicted from
general considerations. First of all, the correlation function
(28) vanishes for r > 2R: the characteristic scale of the
correlation function is the diameter of the bubbles. We
therefore expect this scale to show up in the power spec-
trum at wave number k = 277/2R. This is indeed what
happens, since the functions A(K) and B(K) change their
behavior at approximately K = 2.5 = 77. Moreover, since
the correlation function is a function with compact support,
its Fourier transform, the power spectrum, must be analytic
in k. We remind one that an analytic function can be
developed in a power series around any point of its domain.
The term A(K)&;; of Eq. (39) is analytic for K — 0, if and
only if A(K) « K" and n is an even integer n = 0. This
justifies the white noise behavior observed at large scales
for A(K). On the other hand, analyticity of the term
B(K)Igilgj for K — 0 is satisfied if and only if B(K) o K"
with n an even integer and n = 2. This explains why B(K)
increases as K at large scales.

PHYSICAL REVIEW D 77, 124015 (2008)

2. Unequal time correlation function

Up to now we have evaluated the velocity correlation
function at equal times. We note however, from Eq. (21),
that we actually need the correlation function evaluated at
different (comoving) times 7, {. The velocity in point x at
time 7 can be correlated with the velocity in point y at time
{. Consider, for example, 7 < £. In this case, the unequal
time correlation function is not zero if the velocity shell in
the bubble includes x at time 7, and grows to include y at
time {. According to the approach outlined above, evalu-
ating the correlation function at different times means
performing the volume integral of Eq. (28) within regions
V; given by the intersection of spheres of different radii
(cf. Figure 3). This integral is too complicated to be done
analytically: therefore, within our analytical approach, we
first try to simply approximate the unequal time correlation
function with the one at equal time calculated in the
previous section. This is a reasonable approximation, pro-
vided that the region of nonzero velocity at 7 overlaps with
the region of nonzero velocity at . If this is not the case,
we simply set the unequal time correlation function to zero.

Reintroducing 7;, as the time of nucleation we find that,
in the limiting case, the inner boundary of the nonzero
velocity shell in the bubble at time { equals the outer
boundary at time 7 if { = (7 — n;,)/s + n;,, where we
remind one that s = r;,;/R. Symmetrizing among the
2 times, we have then

i(x, Ty, ) = (vi(x, Tv;(y, 7)O( — 7)
X O((1 = min)/s + min = )
+ (i, Dy, 0)0(r = 0)

X ®((g - nin)/s + Min — T), (41)

where ©O(7) is the Heaviside function. We choose arbi-
trarily to set the time appearing in the equal time correlator
corresponding to the smaller of the 2 times.

In Sec. V, we derive the gravitational wave spectra
obtained using this approximate form of the unequal time
correlation function and discuss its shortcomings. We will
eventually propose another method, which consists in giv-
ing an approximate form directly for the unequal time
anisotropic stress power spectrum, rather than for the
velocity correlation function. As we will see, proceeding
in this way we can have better control over the positivity of
the power spectrum, and obtain more reliable results.

C. Anisotropic stress power spectrum: Calculation

We now have everything we need to evaluate the aniso-
tropic stress power spectrum of our source, using Eq. (24).

The unequal time correlation function Eq. (41), together
with the equal time velocity power spectrum given in
Eq. (38), leads to

124015-9



CAPRINI, DURRER, AND SERVANT

L L L L B L L B

FIG. 5 (color online).
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These two figures show the exact integral in Eq. (42) by the solid line, and the fit J(K) given in Eq. (43) by the

dashed line. In the right panel we clearly see the white noise behavior for small values of K and the K~* behavior for large values of

K, as expected (see discussion above and in Appendix C).

w(r)w({)
(1 = v ()1 = v*())

Ik 7 ¢) =

[roeniPrGrOw - 6(; 7 = 3+ 10— £)

% ] L PL4AP, )A(K — P, 7) + 2A(P, D)B(K — P|, 7)(1 — A2) + 2B(P, 7)

X A(K — P|, 7)(1 — B?) + B(P, 7)B(IK — P|, 7)(1 — 8%)(1 — A?)] + symmetric 7 < g’}, (42)

with_P = pR(r), K=kR(r), A=k-p, and B=
k- k— p. Using the functions A(K) and B(K) given in
Egs. (39) and (40), we can perform the above integral. A
good approximation to the integral, after factorizing out the
s-dependence as (1 — s3)2, is given by

L+ ©2

(43)

This fit, together with the exact integral, is shown in Fig. 5.
The function is flat on large scales and changes slope at
K =~ 3. A white noise behavior at large scales is expected,
since the anisotropic stress power spectrum is the convo-
lution of the velocity power spectrum: this simply means
that the anisotropic stress is not correlated at distances
larger than the source correlation scale 2R. In
Appendix C, we derive this in details. As one sees in
Fig. 5, Eq. (43) is a very good approximation to the
numerical integral. On small scales the convolution decays
like A(K) and B(K), hence like K~*. This can be under-
stood as follows: when K > K., where K, denotes the
wave number at which A(K) and B(K) peak, the main
contribution to the convolution integral comes from the
region |P— K| =K, < K. The value of a typical
term in this region is about A(K)A(K ), and the phase
space volume is K;3,: hence we expect I(K) =
K} A(K o )A(K) for K > K, and analogous for the
contributions containing B(K).

Before we are ready to insert the expression (42) for
[1(k, 7, {) in Eq. (15) to evaluate the gravitational radiation

power spectrum, we need to determine the time depen-
dence of R(n) and ¢(n).

IV. TIME DEPENDENCE OF THE PHASE
TRANSITION PARAMETERS

We now investigate the actual time dependence of some
parameters introduced previously, such as the fraction of
volume occupied by bubbles at time 7, ¢(n), which we
need in Eq. (29), or the bubble radius.* In this section we
closely follow Ref. [33] in the modeling of the first-order
phase transition.

The rate of bubble nucleation of the broken phase bub-
bles is defined as I'() = M*ate 5" where M is the
energy scale of the phase transition and S(7) the tunneling
action. We Taylor expand the action at first order around a
fixed time 7g,: the time at which the transition ends.
Defining B = —dS/d 77|77 .,» ONE can rewrite the nucleation
rate as ['(n) = T'(9g,) exp(B(n — ng,)). Note that we de-
fine B = a. 3 in terms of comoving time, differently from
the usual convention. The probability that a given point
remains in the false vacuum at time 7 is given by

p(n) = e 1™

where I(n) is the fraction of volume occupied by broken

(44)

“In this section we specify what we actually take for the
bubble radius, and we will denote it by R(7). We remind one
that, in the case of deflagrations, this does not coincide with R,
which is the position of the shock front, but with ryy.
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phase bubbles at time 7 without considering bubble over-
lap [33,39,40]. Assuming that the universe remains static
for the entire duration of the phase transition, and assuming
a constant velocity for the bubble expansion vy, I(n) is
simply given by

dar

I(n) = 3 " drl ()i (n — 1)} = 877,3 I'(n) (45)

Min
The quantity ¢(7n) in Eq. (29) is given by ¢(n) =1 —
p(m). The times n;, and 7, are defined such that p(1n;,) =
1 and p(7g,) = 0. Following [19,33], we choose a number
M > 1 and define g, as I'(ng,) = B*M/87vi, so that
P(M5in) = exp(—M) = 0. In the same way, we choose a
number m < 1 such that B(9g, — 1) = In(M/m) and
p(min) = exp(—m) =~ 1. This gives the duration of the
phase transition

~ M
Nin — Min = B lln%' (46)

In order to evaluate the mean bubble radius, we consider
the number of bubbles which have a given radius & at time
7. Calling 74 the nucleation time of a bubble with radius o
at time 7, one has

dN| _ L(ms)p(ns)

47
dé n Uy ( )

The shape of this distribution is shown in Fig. 5 of
lgef. [33]. For each 7, it has a maximum at the value
R(n) = % Inl(7n): this value defines the mean radius of
the bubbles at time 7. Calling 7 the time at which p(7) =
1/e, so that I(7) = 1, we set

~ [0 for n;, <n <19,
R(n) = {% In(I(n)) for 7 <1 < ngy,.

The condition 1(7) = 1 defines 7 = ng, — B~ ' InM.

As already explained in Sec. IIIB, bubbles can be
treated as combustion fronts moving at constant velocity
only at times much later than nucleation time. Therefore,
we identify n;, = 7 in the evaluation of the emitted gravi-
tational radiation. This leads to ng, = 7, + B~ 'InM. We
further decide to neglect the logarithms and simply set

Nin = Nin = B (48)

R(n) = vy(n — min). (49)

If we do not neglect the logarithms, we have to replace the
final bubble size v, 3! by v, B ' In(M/m). Neglecting
the logs, we identify the duration of the phase transmon

PHYSICAL REVIEW D 77, 124015 (2008)

with 871, and the radius of the bubbles at time 7 with its
mean value R(7n). We do not account for the possibility of
having bubbles of different sizes at a given time.

V. EVALUATION OF THE GRAVITATIONAL WAVE
SPECTRUM

We now want to evaluate the gravitational wave energy
density per logarithmic frequency interval (6), which is
given in terms of the GW power spectrum (15). According
to Eq. (15), the latter evolves as x~2 « 1~ 2; however, this
behavior is strictly valid only in a radiation-dominated
universe with a constant number of relativistic degrees of
freedom (cf. Sec. II) and thus lacks generality. To estimate
the GW power spectrum at 1 > 7,, we therefore evaluate
it at the end of the phase transition, |4/|?(k, 5..), for which
no assumptions have been made concerning the number of
relativistic degrees of freedom. Then, we simply use its
radiationlike evolution:

dQ(k, n)

50
dlInk 0

_ dQ(k n.) (ﬁ)“
dlInk al’

From Egs. (6) and (15), reminding one that x = kn we
have

dInk 22m)°Gp.ai’
8 G Xfin Xfin
02k, x,) = (%)[fd " dz
X cos(z — WII(k, y, 7), (52)
where in the last equality we have set xg, = x.. In the

above equation, we further have to substitute expression
(42) for the anisotropic stress source. As already discussed
in Sec. II, since the source is active for an amount of time
much shorter than one Hubble time, we neglect the expan-
sion of the Universe while gravitational waves are pro-
duced. Therefore, in Eq. (42) we set the enthalpy density to
a constant, denoted by w.. = w(7) = w({). Moreover, we
eliminate the time dependence of the y = +/1 — v? factors
by substituting v(7), v({) with the constant fluid velocity
svg, corresponding to the fluid velocity of the inner bound-
ary of the shell (cf. Equation (26) and Fig. 2), remembering
that s = ry,/R. We explain the reasons for this choice
below. We remind one that the double integration in
Eq. (62) is in time, with the notation y = k7, z = k(.
Inserting J(K) given in Eq. (43) in the expression for
I1(k, y, z), Egs. (51) and (52) lead to

dQy/(k, 77) 4 G ad , vi(l —s%)?
T dlnk _FE_W a —(sut)Z)ij ] dzcos(z =)
<[ @R 06 - 10(5(r = mu) + 11— £)T6RE) + symmersicy 2] (53
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Let us first investigate the prefactor in the above ex-
pression. The enthalpy density is

4 % % 80 1/3 pod
Wi = gprad’ Prad = (g*) ar% ) (54)

where p;, denotes the radiation energy density in the
Universe, g, = 3.36 and g. denotes the effective number
of relativistic degrees of freedom today and at the time of
the phase transition, respectively. We also define a dimen-
sionless parameter estimating the amount of kinetic energy
present in the source, with respect to the radiation energy
density. From the definition (17) of the energy-momentum
tensor:

4 (svg)?
N=—pr 55
Pxin 3 radl _ (SUf)2 (55)
D _ Pla 4 (w0 (56)
Qrad Pra 31— (svy)

We have chosen to define the above parameter in terms of
the fluid velocity at the inner boundary of the velocity shell
svs, which always satisfies sv; < ¢, both for detonations
and deflagrations. This ensures that 0}, /Q ; < 1 remain

consistent with an isotropic Friedmann universe.
|

gx

B

dQ(k, no)h*> 3 <80)1/3Q dhz(%)z(ﬂﬂy(l = 53)? 2ugy

dlnk 273 Qr st

rad

sZ +u .
X {[ du(1 — e~ """l I () sm( "
0

out

We recover the known result that the amplitude of the
gravitational wave spectrum is proportional to the square
of the ratio between the duration of the phase transition and
the Hubble time, H ,/B [4.41]. The parameter s = 1
means that the fluid motions vanish everywhere, and there-
fore no gravitational radiation is produced. The divergence
in s — 0 is only apparent, due to our definition of the
kinetic energy density parameter in Eq. (56).

Expression (60) gives in all generality the power spec-
trum of gravitational radiation produced by spherically
symmetric, stochastic configurations of fluid motions
(such as broken phase bubbles in a phase transition),
characterized by a velocity distribution which increases
linearly in a shell of inner radius ry, = v;,¢ and outer
radius R = v, . The integral determines the shape of
the spectrum, and depends on the values of s and of the
velocity v,,.. These parameters should be chosen accord-
ing to the physical situation under consideration.

We expect the large scale part of the GW spectrum to
increase as k>. As explained in detail in Appendix C, this is
a simple consequence of the fact that the source has a finite
correlation scale (corresponding in our case to the length
scale 2R). It is therefore a generic behavior for causal

1 - Z +u .
s) +[ du(1 — e="""V2u3 I (u) sm(
sZ
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Summarizing, we can rearrange the prefactor in Eq. (53)
in terms of the above defined parameters, of the conformal
Hubble factor H , = a.H, and of 4, as

46 ‘Lg 2 vf (1 — $3)?
m peat (1= (svp)?)?

3 (g0)1/3 Qradg{z (Qltin)z (1 - S3)2

) 4 e 4
2 a OF s

8«

(57)

The gravitational wave energy density is therefore propor-
tional to the square of the kinetic energy density of the
source, as one would expect.

In the double integral of Eq. (53), we define the new
integration variable u = kR(y) = v, (y — x;,), and the
new dimensionless parameter

_ kv oy

Following the discussion in Sec. IV, the function ¢(7)
becomes

¢(7) =1 — exp(—exp(l + B(T — 1gn))). (59)

We finally obtain for the gravitational wave energy density
spectrum

z (58)

ZZ

s

Zv:m”)}. (60)

sources. Conversely, the small scale part of the spectrum
depends on the details of the source correlation function.
This part of the spectrum is in principle affected by our
choice of a linear growth for the velocity profile in the
nonzero velocity shell (cf. Sec. III B). If we could account
for the correct velocity profile, the power law dependence
of the GW power spectrum at large k& might be different
from what we find. On the other hand, the frequency at
which the GW power spectrum peaks can again be pre-
dicted by general considerations. In fact, the velocity
power spectrum given in Eq. (38) has a characteristic
wave number corresponding to the bubble diameter, k =
/R = 2.5/R. Also the anisotropic stress power spectrum
changes slope at about k =~ 77/R =~ 3/R. For the gravita-
tional radiation power spectrum we therefore expect a peak
at approximatively the same wave number k = 7/R(ng,)
given by the mean bubble size at the end of the phase
transition.

A. Unequal time approximations

The expression (60) has been derived using the approxi-
mation Eq. (41) for the unequal time correlation function
of the velocity field. Under this approximation, the aniso-
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tropic stress power spectrum at different times takes the
form given in Eq. (42), which has been substituted in
Eq. (52) in order to evaluate the GW power spectrum.
According to the definition of the GW spectrum |4/(x)|?,
the time integral appearing in Eq. (52) should give a
positive result. Therefore, the unequal time anisotropic
stress power spectrum should be, by definition, a positive
kernel, such that

[ ay [* a6 G Mk 0 =

Xin Xin

(61)

where G(x, y) generically denotes the Green function of the
wave equation (9). Even though the approximated form for
the unequal time correlation function for the velocity field
Eq. (41) seems reasonable from a physical point of view, it
does not lead to a positive kernel for I1(k, y, z) as it should.
Expression (60) is not always positive and therefore it is
unacceptable. To avoid this problem, we now define ap-
proximations directly for the unequal time correlator
I1(y, z) which are positive by construction. We first discuss
two cases which are physically less motivated, but are very
useful for comparison: the completely incoherent and
completely coherent approximations. Finally, we discuss
a third and better motivated approximation for I1(y, z) that
still gives a positive result. We believe that this last ap-
proximation is the one that best recovers the true result.
Apart from being strictly positive, it has the advantage to
be very close to the physically motivated approximation
for the unequal time correlators of the velocity field. As we
shall see, the peak position of the GW spectra is very
similar in all cases, while the peak amplitude varies by
up to 1 order of magnitude.

We consider first a totally incoherent source that is
uncorrelated for unequal times 7 # /. We take the ansatz
[cf. Eq. (42)]

(11,0, DI (a, ) = 50k — QI (k, 7 T>¥,

(62)

Ik 7,7)= [47T¢(T)U%]2R(T)3(1 — §3)?

W*
(1 = (svp)?)?

X I(K(7)). (63)

We multiply the 8-function by the characteristic time 1/3
in order to maintain the correct dimensions. Under this
assumption, the oscillating term in Eq. (52), cos(x — y),
integrated with the delta function, becomes simply 1 and

J
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FIG. 6 (color online). Integrals determining the GW spectra as
a function of Z = kv, /B for different approximations, in the
detonation case with a = 1/2. The top, bottom (oscillating) and
middle curves are, respectively, the incoherent [Eq. (64)], co-
herent ]Eq. (66)] and top hat in wave number [Egs. (70) and (71)
with  x, = 0.97r] approximations. The middle line with the
spikes is the absolute value of the approximation with top hat
in the velocity correlation [Eq. (60)]. The spikes represent the
passages through zero of this unphysical spectrum. All the
spectra are comparable at large scales and have a similar peak
frequency. The incoherent approximation overestimates the peak
amplitude by nearly an order of magnitude.

we recover a positive result. Using the same notations as in
Eq. (60), the GW spectrum from totally incoherent bubbles
is (see Fig. 6)

dQ(k, mo)h* -3 (@)”39 h2<9§m)2(5{*)2
dink  |ineon 277 \g. T\ \ B
— 3)2
y (1 4s) 1
S Z

Z
Xf du(1 — e~/ 2D)2,3 T(y).
0
(64)
The opposite situation is given by a totally coherent

source that is correlated for every time 7 and . In this
case, the ansatz for the anisotropic stress power spectrum is

(IL;(k, T)II}(q, ) = 8(k — @VI1(k, TIWII(k, £),

VT 7) = -

S4mp(1)vER(7)¥2(1 — $*WI(K(7)).

Wi
(s Uf)
(65)

We rewrite the oscillating term cos(x — y) using the duplication formula. This allows us to split the double integral into a
sum of two positive terms. The GW spectrum is in this case (see Fig. 6)
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dQ(k, po)h?
dInk

L [ -

The positive part of the result based on the approximated
unequal time correlation function for the velocity field is in
between these two extreme cases: the Heaviside functions
introduce correlation only among times 7 and ¢ which are
sufficiently close to each other. We therefore expect also
the correct result for the GW spectrum to be in between the
limiting cases described above. Moreover, for sufficiently
large scales the details of the time correlation do not
matter, and we expect that the GW spectra derived using

these different approximations become comparable at
|

W25 (313%:2) R PR

l+u/Z))u3/2 /I(u) Sln(
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e—e(+u/2) 3/2 /I(u) cos( u )]2
Vout

o]} “
I

these scales. As we will see below, this is indeed the case
(cf. Fig. 6).

Finally we introduce top-hat unequal time correlations
directly in the anisotropic stress power spectrum, rather
than in the velocity correlation function. This approxima-
tion is also an intermediate case between the completely
coherent and incoherent ones, and it is constructed to
always give a positive result for the GW power spectrum
as we will discuss. We make the following symmetric
ansatz:

(IL;;(k, DIT}(q, £)) = 8(k — @Ik, )O(k{ — k7)O(x. — (k{ — k7)) + IL(k, O)O(kT — k{)O(x. — (k7 — k{))],

WZ

1) = Gouprp

(67)

[47$(T)vi PR(7)*(1 = 5°)* I(K(7)).

(68)

Under this assumption, we set the correlation to zero for modes with a time separation larger than x./k, where x, is a
positive, dimensionless parameter of order unity (to be specified later). Therefore, the anisotropic stresses at different times
are correlated if the time separation is less than about one wavelength. Physically, this just means that longer wavelengths
are correlated over a longer time. This corrects the lack of correlation that resulted from our very first approximation. The
GW power spectrum becomes

3 (g0\1/3 QLN (HN (1 -2 2 (2 —e(l4u
mifﬁ(;) Qradhz(ﬂin) ( B > " ?L du(l1 — e (1+ /Z))2u3l(u)

rad

X /Z dv cos(u _ )@(v — u)@(xc _r- u)’ (69)
0 Vout Vout

which is apparently positive for x, = 77/2. Resolving the Heaviside functions, we have to consider two separate cases. For
Z < x,Vqy We find the spectrum (see Fig. 6)

dQ.(k, no)h? 3 1/3 QN2 (H N2 (1 — 5322 zZ—
OUTI | 3 (80) g (D (TN O 2w 21— et 1y sin 1),
dnk mix 27 \g. e/ \ B s Vout

Z < xcvout’ (70)

dQ(k, po)h?
dInk

and for Z > x v, we find

dQ(k, 7]0)]12 3 (go /3 Qlt 3'[ )2 (1 - S3)2 2v t X Vout
Q h in - oui du(l — —e(14+u/Z)\2 ulJ
dink |y 27 ) (Q;;d) ( e s 2 {Sm(’“ )[ Wl —e Yurllw)
z _
+ [ du(1 — e~ eUHu/DY2y3 T(y) sin(Z M)} Z > X Uy (71)
Z-x, Vout vOllt

|
/2 < x. < . In Fig. 7 we show how the power spectrum

depends on the value of x.. We now present the results
obtained for the different approximations discussed above,
in the cases of detonations and deflagrations.

The GW spectrum remains positive for 0 < x. < 7 since
in the range Z < x, vy, sin(4= ”) > 0, and in the range Z >
XoVou» Doth sin(x,.) and s1n(%J “) are positive. In the limit
x. — 0 the result tends to zero. A reasonable value is
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FIG. 7 (color online).

Z

The top left panel shows the weak «a-dependence of our result Eqs. (70) and (71): the different curves are,

respectively, for @ = 0.1, 1/2, 1, 10. The top right panel shows the dependence on x,, for fixed a = 1/2. We remind one that x,
defines the time interval x./k beyond which the correlator of the anistropic stress tensor vanishes. The lines from top to bottom plot
the integral in Egs. (70) and (71) evaluated at x. = 7/2, 0.977, 0.17, 0.9977, 0.9997 respectively. The lower panel shows the GW
spectrum of Egs. (70) and (71) and its approximation Eq. (76) for @ = 1/2 and x, = 0.97.

B. GW from detonations

As explained in Sec. III B, in the case of detonations
R(t) = vyt is the outer radius of the bubbles. Therefore,
Vot = Vp = V. We restrict ourselves to the case of
Jouguet detonations, so that v, = ¢, = 1/ 3. The value
of the bubble wall velocity in Jouguet detonations is given

in Refs. [20,34] in terms of the ratio
@ = pyac/ Praas (72)

where p;, denotes the radiation energy density in the
Universe:

¢y Ha? +2a/3
1+ a

(73)

Up

The outer maximal fluid velocity is given by the Lorentz
transformation [see Eq. (25)]

Up — ¢ _ V(V3a2 + 2a — a)
2 +3a —3a% +2a

where for the last equality we have substituted (73) and
¢, = 1/~/3. Moreover, the parameter s = vj, /vy, takes

Vg =

= (714)
1— VUpCy

the form
Cs 1+ a
vy 1++3a%+2a

For detonations,” it is therefore sufficient to specify «, and
all the quantities necessary to evaluate the integrals in
Egs. (60), (64), (66), (70), and (71) are determined.
Knowing in addition the duration of the phase transition
H ../ B fully determines the gravitational wave signal. We
choose a broad range of values for a: « = 0.1, 1/2, 1, 10.
a > 0.1 corresponds to s<<0.74. As discussed in
Sec. IIIB 1, for s = 0.74 our approximations for the ve-

s =

(75)

>To be in the detonation regime means that there is essentially
no friction. In other words, interactions between the bubble wall
(the Higgs field) and the particles in the thermal bath can be
neglected. This is a strong assumption which can work if the
released latent heat is indeed very large. Model-independent
studies (such as Ref. [25]) have used Eq. (70) for the bubble
wall velocity. However, when considering a particular model,
one should compute friction effects and therefore derive a more
realistic value for the bubble wall velocity, following for instance
the procedure of Ref. [42]. This requires one to compute the
bubble wall profile.
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locity power spectrum overestimate the true result by about
16%.

Let us first discuss the shape of the spectrum. We have
four different approximations for the unequal time corre-
lator: the top-hat unequal time correlator for the velocity
field in real space, Eq. (60), the incoherent case Eq. (64),
the coherent case Eq. (66), and the top-hat unequal time
correlator for the anisotropic stress in Fourier space,
Egs. (70) and (71). They give rise to comparable spectra.
In Fig. 6 we show the result of the integrals as a function of
Z = kvyy/B. We have fixed the values & = 1/2 and x, =
0.97. The spectra increase like k° at large scales, and have
comparable amplitudes. This is expected, since the details
of the time correlations should not matter at sufficiently
large scales and the source is uncorrelated in real
space (cf. Appendix C). Also, the positions of the peak
approximatively coincide in the four cases, and correspond
10 Zpea = 4.6, 50 kpeu = 4.6B/voy = 4.6/R(5,) =
7/R(ng,). This is comparable to the peak of the aniso-
tropic stress power spectrum k =~ 3/R(7), due to the fact
that GW production accounts for the full evolution of the
bubbles, and R(7) =< R(ng,) for all times 7 < 7g,. The
peak of the GW spectrum is independent of time and
corresponds to the mean bubble radius at the final stages
of the phase transition, close to R(7,). The amplitude at
the peak is roughly the same for the two top-hat approx-
imations and for the coherent case, with the value of the
integral at the peak of the order of 0.08 = 0.02. Within the
precision of our analytical evaluation this difference is
negligible. On the other hand, the incoherent case over-
estimates the amplitude by a factor 5. The small scale part
of the spectrum is also different in the incoherent case with
respect to the others: it decays slower, as Z~ %% as opposed
to Z~P with B8 = 2 + 0.2. The reason for this behavior is
apparent by looking at the integral in Eq. (64): once Z has
overcome the value at which the integrand peaks, the
contribution from the integral becomes small and the func-
tion decays nearly like Z~!. Conversely, in the cases of
Egs. (66), (70), and (71), at sufficiently large scales the
spectrum scales nearly like Z~2. We explain the small scale
decay on the basis of dimensional arguments in
Appendix C. The two top-hat approximations are in very

good agreement up to Z = 10. For larger Z, the spectrum
|

dQ(k, no)h?
dInk

0.21(£)?

3 g 1/3
“5m(e) oer(
deto T \8x
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obtained for the top hat in the velocity correlation becomes
negative. This is due to the contribution from the first
integral in Eq. (60), which is negative after sZ > 8. Its
absolute value is between the totally coherent approxima-
tion and the top hat in wave-number approximation. We
consider the top hat in wave-number ansatz which is given
in Egs. (70) and (71) to be the best approximation for the
unequal time correlators.

In the top left panel of Fig. 7 we show that the integral of
Egs. (70) and (71) is only weakly dependent on «. The
parameter « plays a greater role in determining the overall
amplitude of the GW signal (which will be discussed later
on). On the other hand, the shape of the spectrum depends
significantly on the choice of x, once x. approaches 7. We
remind one that x, defines the time interval x./k beyond
which the correlator of the anistropic stress tensor van-
ishes. In the top right panel of Fig. 7 we fix a = 1/2 and
vary x,.. Values of Z around the peak correspond to the
region Z > x,v,,, where the result is dominated, for a
wide range of values of x,., by the first integral in
Eq. (71). The prefactor of this integral decays like Z~? at
high enough values of Z. This is roughly the decay we see
in Fig. 7 for low x.. When x,. becomes very close to 7, the
factor sin(x.) multiplying the first integral in Eq. (71)
becomes so small that the contribution from the second
integral in (71) takes over. For high values of Z, the second
integral decays much faster than Z~2. However, because of
the integration limits, it is more and more suppressed as Z
increases: therefore, at some given Z value, the first inte-
gral takes over again and the spectrum decays roughly like
Z~2. More precisely we find a Z~!'® decay at large Z. This
behavior is reached for higher and higher values of Z as x,.
approaches 7, as is shown in Fig. 7. For our final results,
we choose the value x, = 0.97. This may underestimate
the signal somewhat at high frequencies compared to
values x, ~ 7r/2, but this is a reasonable conservative
choice. Values x, still closer to 77 would be unjustifiably
fine-tuned.

The following approximate gravitational wave power
spectrum is fairly general. We chose @ = 1/2 but as shown
in Fig. 7, the shape of the spectrum is almost insensitive to
the value of a; the o dependence is essentially only in the
prefactor (), /QZ )% and implicitly in (1 — 5°)?/s*:

rad

where int| ., (Z) =

1@+ A

Zm = 38, Z = kain' (76)

This approximation for int(Z) is shown in the lower panel of Fig. 7, and we remind one that Q}; /€7 , is defined as a

function of s and v; in Eq. (56).

Let us now investigate the overall amplitude of the signal at the peak frequency.
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R

where the factor 0.084 accounts for the contribution of the
integral at the peak frequency k = 4.68/v,, (cf. bottom
panel of Fig. 7). In order for the bubbles to percolate and

convert the entire Universe to the broken phase, the phase
|

dQ(k, no)h*

In the left panel we show s(a) = ¢;/v,(@) and in the right panel Q;; /Q
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transition must occur much faster than one Hubble time.
We study the values of B/, ~ ©O(10), O@(100), and
0O(1000). Since the velocity of the bubbles vy = v, is
fully determined by the parameter «, so is the fluid velocity
vy and, in turn, the factor s = ¢,/ v, and the mean Kinetic
energy parameter (. /Q7 .. see Egs. (73)-(75). We plot s
and Q}; /Q7  as a function of « in Fig. 8. Specifying a

and S fully determines the amplitude. Substituting in (77),
and setting a = /3a* + 2a, we find

(@ — a)*(—3a — 3+ 2a)a — 312 + a)a? + a?)?

2

=~1.7- 10_6<

dInk peak

which we plot in Fig. 9.

The peak amplitude depends quadratically on the dura-
tion of the phase transition 8~ and grows steeply (also
roughly quadratically) with o as long as o < 1. At o > 1
the dependence on « becomes rather weak, since the

LA ) S 1 N B L) B B R R R

8/H.=100

\GRALL BULL AL AL AL AL RALL B

(dh2Qeesk /dInk)(a)
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10-2t
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(1+a)?(1+a+5aa— (5—3a)a?—3aa® + 6a*)’

(78)

|
bubble velocity approaches its maximum, vy, — 1. The
maximum gravity wave density parameter which can be
achieved by bubble collisions in a strongly first-order
phase transition @ > 1, v, =1 and B ~ 104, is of the
order of 5 X 107!°, Note that our approximations break
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FIG. 9 (color online). Amplitude of the GW signal at the peak frequency from Jouguet detonations for 8/JH, = 10, 100, 1000, as a
function of « (left panel) and as a function of w,,. The signal reaches a plateau at large « since it is bounded by the maximal possible

value of the bubble wall velocity, v, < 1.
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down for smaller values of 3, since we have neglected the
factor In(M/m) so that B~ becomes the duration of the
phase transition which must be significantly smaller than a
Hubble time.

C. GW from deflagrations

In the case of deflagrations, R(f) = v, coincides with
the shock front of the shock wave taking place in the
symmetric phase. Therefore, we set vy, = Ugoek- Lhe
inner radius is the bubble wall, so that vy, = v, = v,.
The fluid velocity is given by

Uy — Uy

(719)

vr 1 — vyv,
where v, is the incoming velocity of the symmetric phase
fluid into the front, in the rest frame of the discontinuity.

In order to estimate the gravitational wave production,
we follow the analysis of deflagrations presented in
Appendix A of Ref. [20]. There, the authors numerically
integrate the energy-momentum conservation equations at
the deflagration front with different initial conditions. The
velocity profile they find is in principle different both from
the constant one occurring in planar deflagrations, and
from the linear one that we took in our simplified analysis.
However, we choose two different cases which they have
analyzed, for which the deflagration is quite strong and the
velocity profile is actually almost constant. In the first case,
they set v, = 0.1 and vy = 0.09, and find v, = 0.59
(and consequently s = Viy/Vour = Vb/Vshook = 0.17). In
the second case, close to Jouguet deflagrations, they set
v, = 0.5 and v; = 0.45, and find vy, =~ 0.73 (and con-
sequently s = 0.68). The velocity profiles for these values
are shown in Fig. 9 of [20]. Since in the case of deflagra-
tions there is no simple relation among the velocity of the
shock front and the parameter a denoting the strength of
the phase transition, we simply leave vy, as a free
parameter in our analysis, for which we take the two values
given above.

The analysis of the shape of the spectrum is on the same
footing as for detonations. The results of the unequal time
correlator for the anisotropic stress are shown in Fig. 10 for
fixed values of vy, = 0.59 and x. = 0.977. The results
for the incoherent and top hat in the anisotropic stress cases
are similar to the case of detonation. We recover the
expected k* behavior at large scales, and the amplitudes
are comparable at low wave number. The peak is located
at Zpe = 4.2, corresponding to  kpeqx = 42B/voy =

dQ(k, mo)h?
dInk

0.23(£)3
where int|g.q,(Z) = Zn

~ i (@)1/39 th(
defla 273 8 -
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FIG. 10 (color online). Same as Fig. 6 but for the case of
deflagrations. We fix vgoac = 0.59. Compared to detonations,
the oscillations are enhanced in approximation Egs. (60) and
(66) corresponding to top hat in the velocity correlation.

4.2/R(14in) = 7/R(M,). On the other hand, the coherent
and top hat in the velocity correlation cases are slightly
different in the high frequency range, because the fre-
quency of the oscillations is increased, due both to the
smaller value of vy, = vgoex = 0.59 and to the smaller
value of s = 0.17. These parameters in fact appear in the
arguments of the Green functions in Eq. (60) and (66). In
the region where the power spectrum becomes negative, in
the top hat in the velocity case, the solution is no longer
reliable. We therefore discard it and take as best approxi-
mation the unequal time correlator of the anisotropic stress
power spectrum, as we did for detonations.

The result of Egs. (70) and (71) is very weakly depen-
dent on the value of the velocity vg,,.- This is analogous to
the weak dependence on « found for detonations. We do
not display this dependence as it is very similar to the top
left panel of Fig. 7 where the role of « is played by vg,ock
which is varied between 0.59 and 0.73. Correspondingly,
when varying x,., we obtain a dependence similar to the one
shown in Fig. 7. For fixed x, = 0.97 and vy, = 0.59 we
can approximate the result as follows:

gl}]y<3’5{*)2 (1_S453)2 intlgeqa(2),

rad

1+2Z7 +32)%

Z, = 3.6. (80)
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This is essentially identical to Eq. (76) except for the
values of s and v in ), /Q7 ;: In the case of deflagrations
we cannot reduce the dependence exclusively to the two
parameters « and B since no direct relation between the
velocities of the shock front, the velocity of the bubble wall
and the strength of the phase transition « is known in
general. In this case, the velocity of the shock front is
expected to depend also on the properties of the ambient
plasma, like friction, and not only on the strength of the
phase transition determined by «. The amplitude at the
peak frequency is the same as the detonation formula (77)
except that 0.084 is replaced by 0.050. This factor accounts
for the contribution of the integral at the peak frequency
k= 4.28/vy, (cf. Fig. 10):

dQk n)h® | 3 (@)WQ h2<0§m)2<ﬂ)2
dink | pea 27 \g. “T\Qs \ B
1— 3)\2
x L= 504 050, @81)
A

The first plot of Fig. 11 shows €, /€ , as a function of
the fluid velocity v; for two values of s = vy/Vgocks
corresponding to the cases analyzed in [20]. Obviously,
the value of v is in principle fixed once «, vy, and v, are
given; however, the relation among these parameters is not
known explicitly. Therefore, we have decided to keep vy as
a free parameter. The fluid velocity v; induces the biggest
variation in the amplitude of the signal, and is therefore the
most relevant parameter determining ), /€7 ;. This ap-
pears clearly in the second plot of Fig. 11, where we show
the amplitude of the GW signal Eq. (81) as a function of vy,
for the same two values of s and varying B/ .. The
dependence on s is negligible compared to the dependence
on vg.
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VI. SOME COMMENTS ON OUR APPROACH

In numerical simulations, the stochastic background of
GWs arises from averaging over several deterministic real-
izations of bubble collisions. In our approach instead, to
account for the intrinsic randomness of the nucleation
process, we define the bubble velocity as a random vari-
able. The source of the stochastic background of GWs is
the tensor part of the anisotropic stress of the stochastic,
homogeneous and isotropic velocity field.

The calculation of the velocity correlation function in
Sec. III B 1 implicitly assumes that the bubbles, and con-
sequently the velocity configuration, are all independent
from each other: the velocity correlation function is differ-
ent from zero only if the points x and y can be in the same
bubble. Therefore, one may wonder in which sense this
procedure is a model of bubble collisions. Indeed, in our
model the only nonvanishing correlation coming from a
(possibly) collided region is given by the sum of correla-
tions from two independent points: for every x and y we
can find a bubble center position such that a bubble en-
compasses the two points, giving a nonzero result, pro-
vided that the probability to find a center in that position is
not zero. This is accounted for by multiplying the correla-
tion with the probability that a given point is in the broken
phase at a given time, cf. Eq. (28).

Therefore, even though we do not model in a determi-
nistic way the resulting velocity field from the collision of
bubbles, we do account for their overlap; it is the overlap
from several bubbles which gives us a nonzero correlation
function for the tensor part of the anisotropic stress, as
opposed to the spherically symmetric situation described in
Appendix A. The anisotropic stress correlation function, in
fact, involves the four-point correlation function of the
velocity field, cf. Eq. (19). This quantity, in contrast with
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The case of deflagrations: The left plot shows €y, /€)7 , as a function of v;. The bottom curve corresponds

to the first case analyzed in [20], for which s = 0.17, with v, = 0.1 and v, = 0.59 and the top one to the second case with
s = 0.68, v, = 0.5 and v, = 0.73. The right plot shows the amplitude of the GW signal at the peak frequency given in Eq. (81) as
a function of vy for different values of B/ .. Solid lines are for s = 0.68 corresponding to vy, = 0.5 and vy, = 0.73, and dashed
ones for s = 0.17 corresponding to vy, = 0.1 and v = 0.59. As long as sv; << 1, we have Q,,/QF « v} and correspondingly

dQPXp2 /d Ink o v,
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the two-point correlation function, is nonzero also for
points x and y belonging to different bubbles. This comes
in via Wick’s theorem,® hence over the stochasticity, and
this is how we take into account the collisions of bubbles.
In other words, when we calculate the two-point correla-
tion function of the velocity field Eq. (28), we break
spherical symmetry since every point in space becomes
equivalent to another and there is no longer a center of
symmetry. The center of symmetry X, has become a ran-
dom variable, and we average over all its possible posi-
tions. Using the ergodic theorem, this is equivalent to an
average over several realizations for the center positions,
i.e. several realizations of the nucleation process, i.e. sev-
eral realizations of the velocity field distribution. In this
way, we account for the overlap of several bubbles, which
breaks spherical symmetry and leads to a nonzero power
spectrum of the tensor anisotropic stress, generating gravi-
tational radiation.

VII. SUMMARY

Since the GW signal from bubble collisions was already
evaluated in Refs. [17-20], in this section we gather our
final formulas and compare them with the ones given so far
in the literature. We conform to the notation used previ-
ously, for the comparison to be straightforward. The rele-
vant formulas are compiled for instance in Ref. [24]: there,
Eq. (4) gives the frequency at which the GW spectrum
peaks and Eq. (5) shows the dependence of the amplitude
of the GW signal at the peak frequency on the relevant
parameters of the bubbles evolution. These formulas are
valid in the case of Jouguet detonations, and do not show
how the GW spectrum depends on other than the peak
frequency. Before proceeding with the comparison, we
recap the main assumptions in our calculation: 1) we as-
sume radiation domination; 2) the fluid velocity profile
inside the bubble is linear; and 3) wv; is our stochastic
variable via the bubble center as we average over all
possible positions of the bubble center. Therefore, we do
not model collisions in a deterministic way. We rather
account for all possible configurations of the velocity field
which include the case where bubbles overlap, even though
we use the velocity profiles of uncollided bubbles; 4) we
use the Wick theorem to express the four-point correlation
function in terms of the two-point correlation function,
even if the velocity is presumably not a Gaussian random
variable; 5) all bubbles have the same size R = vy (1 —
Nin); 6) We use the top-hat approximation for the correlator
of the anisotropic stress tensor at different times; and 7) the
enthalpy w and the Lorentz factor y do not depend on x.

* (W (v, (v (Y)va(¥)) D (v, (v, (X)X (¥)vy(y)).
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Using the notation

dQ(k, h? k
W Qeon(f) = 7(0, lr?kO) , where f =— and
82
hZQ — dQ(kr T’O)hz ( )
peak T Ik peak

from the results given in Sec. V B, Eqs. (76) and (77) and
Sec. VC, Egs. (80) and (81), we find that h2Q(f)
increases at small f as f> (compared to f>® in Kosowsky
etal. [17]), and at large f it scales as f~!® (as in Kosowsky
et al).” The full spectrum is given by

Q. ()| Q. 256,
coll deto peak ldeto 1+ %(%)2 n (%)448 ’
fm = 0'87fpeak’ (83)
P2 Qeon(Hlaena = M2 Qpeail 436
coll defla — peak ldefla 2 3 f\48’
1+ 2(fm) + Z(fm)
fm = 0-87fpeak' (84)
Let us first discuss the peak frequency. It is given by
k eak B ~
Speak = ; , kpeak = 4.5 ,  where 8 = a.B
T Uout
(85)
and
Vout = Uy, for detonations,
(86)

Vgut = Ushoek TOr deflagrations.

We remind one that in our notations B~' expresses the
duration of the phase transition: bubbles are generated at
the beginning of the phase transition and collide after a
time given approximately by 8~!. We have in fact set to 1
the logarithm relating B and ng, — iy, cf. Eq. (46) of
Sec. IV [this logarithm can be easily inserted in all of the
following equations: it will introduce a multiplying factor
in the ratio 8/H and will also change the value of the
integral (60)]. Moreover, v, corresponds to either the
characteristic bubble velocity (in detonations) or the shock
wave velocity (in deflagrations). The characteristic fre-
quency at the time of emission is fpeu/dx = B/Voy. As
expected, it is associated with the maximal size of the
spherical fluid velocity configuration which generates the
GW signal. This can be either the bubble itself, in the case
of detonations, or the spherical shock front preceding the
bubble, in the case of deflagrations. Since vy < vy, the
peak frequency for detonations is smaller than that for
deflagrations (the size of the velocity configuration is

"Note however that the slope at large f depends on our choice
of approximation for the unequal time anisotropic stress.
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bigger). Using H,=a.H., and a,=a./ay=
To/T.(g0/g+)"/, we can rewrite the peak frequency as
45 1 B T 1/3
L35 LB Ty
8+

(87)

which yields

« /6 T, 1
Fpeax = 1.12 X 1072 mHz(g—) A

100/ 100 GeV H, vy’
(88)

where of course B8/ H . = B/H..

The above peak frequency is bigger than the one in
Refs. [20,24] by a factor ~2/v,. The factor 1/v,,,, that
shifts the peak to higher frequencies for low velocities, is
absent in [20,24], and is related to the fact that the char-
acteristic frequency we find is determined by the size of the
bubbles instead of the duration of the phase transition [4].
The property of causality of the source directly determines
this characteristic frequency. Since the source is causal, the
velocity correlation function goes to zero at the
length scale corresponding to the size of the bubbles. The
same length scale determines the peak in the velocity
power spectrum, and from there it is transferred to the
GW power spectrum (cf. also the discussion in Ref. [43],
where it is explained that gravity waves emitted during
short cosmological events such as phase transitions typi-
cally inherit the wave number and not the frequency of the
sour(:e).8

The factor 2, instead, comes from the details of our
modeling of the source. It follows from the factor 4.5 in
Eq. (85) (see Figs. 6 and 9 and discussion thereafter). We
find that the velocity power spectrum has a characteristic
wave number ~2.5/R, corresponding quite well to that
coming from the bubble diameter 27/2R. The time-
dependent anisotropic stress power spectrum instead
changes slope around 3/R (see Fig. 5). The characteristic
wave number of the GW spectrum is associated to Ry, the
typical radius of bubbles at the end of the phase transition
when bubbles collide, and is found to be ke, ~ 4.5/Rpp.
This differs from the value obtained in Kamionkowski
et al. kpeax ~ 23 (see Fig. 7 of Ref. [20] and the associated
uncertainty). For 8/H, = 100, T, = 100 GeV and g, ~
100, corresponding to a typical (first-order) electroweak
phase transition, we find fpeu ~ 1 mHz /v, to be com-
pared with LISA’s peak sensitivity which is estimated to be

8Note that, being in a cosmological context, we do not perform
a time Fourier transform of the energy-momentum tensor in
contrast to Eq. (23) of Ref. [20]. In [20] the authors assume
that “the frequency dependence of the spectrum is set by the
time scale 87" (as written before Eq. (28) of [20]). Our finding,
on the other hand, is that the frequency dependence of the
spectrum is set by the bubble size R. Since in the detonation
regime v, approaches 1, in the simulations of Ref. [20] one
does not really see this difference.
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2 mHz. The increase in the peak frequency that we obtain
relative to Ref. [20] is actually welcome for probing the
electroweak phase transition with LISA.

Let us now discuss the peak amplitude. A simple order
of magnitude estimate shows how the result depends on the
duration and the energy density of the source. From the
perturbed Einstein’s equations G ,,, = 8wGT,,, one gets
the following order of magnitude estimate for the ampli-
tude of the tensor perturbation # (we drop indices for
simplicity):

B*h ~ 87wGT, (89)
where we inserted 1/ as the characteristic time on which
the perturbation is evolving, and 7 denotes the energy-
momentum tensor of the source. From Eq. (17) and defi-
nition (56), we can write

Qr
T~ praa th .

rad

(90)

We want to estimate the energy density in gravitational
waves, defined in Eq. (3). The above Eq. (82) suggests that
h ~ 87GT/ B, and so we obtain

" 87G H\2 p., QF \2
IO i T2~87TG(—) %Pm( k‘“).

POV 826 B2 B Q0
oD
Substituting the Friedmann equation in the radiation-
dominated era H> =82%p , and considering that the

GW energy density evolves like radiation, we obtain for
the GW energy density the simple expression

EH\2/Q% \2
QGW -~ Qrad(l[);) (th) :

rad

92)

This shows that the GW energy density scales like the
square of the ratio between the time duration of the source
and the Hubble time, and the square of the energy density
in the source.

More precisely, from Eqs. (77) and (81) we get the
following result:

3 8o 1/3 Q*in 2 [}-[* 2
PO =55 () 0(02) (55)

*

(93)

where 0.084 is replaced by 0.050 for deflagrations, and
Qltin _ 4

_7 (svp)?
Qg 31— (wy)?

(94)

with s = r,,./R:
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FIG. 12. Comparison of ax(a) defined in Ref. [20] (dashed
line) with Qy, /Q7F, (solid line), where wy(a) is given by
Eq. (73). In the case of Jouguet detonations, both parameters are
fully determined in terms of «. We remind one that ax(a) and
Q3. /€ are not defined exactly in the same way (see text), but

they reflect the same physical quantity.

P 2
vy, LR vpCy
95)
#t+ae’ +2a/3
vy = for Jouguet detonations,
1+«
v .
§=—2 for deflagrations. (96)
VUshock

There is no simple analytic relation between vy, vy and
Vghoek 1N the case of deflagrations. For detonations, v (a) is
given above, taken from Refs. [20,34]. Using g, = 3.36
and Q,,4h> = 4.2 X 1073 we find the peak amplitude:

2O ~5.4% 108 (1— 532 (Q]tin)2<H*)2<100)1/3
peak — <+ _— Gl ’

1

s Q;kad B 8
L)
10~ 9.8 % 10~} (H*)2(100)1/3
&k = 9. vi— - | — ,
peak f (1 _ SZ‘U%)4 ,8 -
(98)

Qpeax h?/ [(H/B)?(100/g, )'/3]

108

]0—1()
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FIG. 13.
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where 9.8 is replaced by 5.8 for deflagrations. The signal
vanishes if the fluid velocity is zero. It also vanishes when
the shell’s thickness is zero (s = 1); this happens if v, =
¢, (corresponding to vy = 0) for detonations and for vy, =
VUgock fOr deflagrations. Our result is to be compared with
the expression reported in Eq. (5) of Ref. [24], which is

only valid for Jouguet detonations:
()
B 8x

99)

Here x(a) = (0.715a + 4(3a/2)"/2/27)/(1 + 0.175q) is
the parameter defined in Eq. (22) of Ref. [20], denoting the
fraction of vacuum energy which goes into kinetic energy
of the fluid (rather than thermal energy). Therefore, the
combination ak is equivalent in our notation to the pa-
rameter )y /QF | = pyin/Prag- The above expression for
k(a) is a fitting formula that the authors of [20] determined
by integrating numerically the energy-momentum tensor
of the velocity profile corresponding to a Jouguet detona-
tion, for different values of «. On the other hand, we have
defined ), /€7, in terms of the fluid velocity at the inner
boundary of the velocity shell, starting from the approxi-
mated velocity profile given in Eq. (26). As it should be,
the dependence on « of the two parameters is comparable,
see Fig. 12 where we used s = c,/vy, v = (v —
c)/(1 —wvpe,) and vy(a) = (c; + Va? +2a/3)/(1 +
«). In Fig. 13, we show the comparison between our
peak amplitude (98) and the result used in [24] [Eq. (99)].

In summary, our amplitude for the signal is comparable
(but can differ by 1 order of magnitude for some values of
the parameters) to the one obtained with an inherently
different method, that of numerical simulations in the
envelope approximation [17-20]. This confirms that the
details of the collision’s modeling are not so crucial and
what really matters at the end is the size of the velocities
involved in the process. Note also that we computed the
GW energy density spectrum without using the Weinberg
formula, i.e., without making the wave zone approxima-
tion. The latter assumes that the observer is at a distance
much larger than the dimension of the source, while our
source is spread over the entire universe.

L1X107% v
(1+a)? 024+ v}

2 ~
h Qpeak -

Opeak h?/ [(H/B)?(100/g. )'?]

lo—ll

107"

10—]5

Vb

0.6 0.7 0.8 0.9 1.

The case of Jouguet detonation. Comparison of the peak amplitude used in Ref. [24] [dashed line, Eq. (99)] with our value

[solid line, Eq. (98)] as a function of « in the left-hand panel and as a function of vy in the right-hand panel.
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Kamionkowski et al. obtain a nonvanishing signal in the
limit of vanishing thickness. This can be understood as
follows. In Refs. [17-19], they first study bubble collisions
taking place in vacuum, so that the source of GW was the
energy-momentum tensor of the scalar field: being given
by the spatial gradient of the scalar field, this is nonzero
only at the bubble wall. In their later work, Ref. [20], they
consider bubble collisions in a thermal bath and in this case
they use as the GW source the energy-momentum tensor of
the relativistic fluid rather than that of the scalar field.
Nevertheless, they keep using the envelope approximation.
This is why they obtain a large signal even if the shell of
fluid velocity has vanishing thickness. In contrast, by con-
struction, there is no signal in this limit in our model,
meaning that the kinetic energy of the fluid (which is our
only source as we did not include the gradient energy of the
scalar field) is different from zero only over a finite vol-
ume. On the other hand, we can extrapolate our results to
the deflagration regime. Typically, for the detonation case,
in the limit v, — ¢, Ref. [20] finds a nonzero GW signal,
since in the envelope approximation this is just the lower
bound of the bubble wall velocity. Within our model, in this
limit, the thickness of the nonzero velocity shell goes to
zero and the GW signal as well; however, this only shows
the breakdown of the detonation regime, and the necessity
of treating the problem in the deflagration approach.

In Fig. 14, we plot the peak amplitude as a function of
the maximal fluid velocity v¢. In contrast with the case of

Qpeak N2/ [(H/)%(100/g,)'?]
1.x10°8
1.x 10710
1.x107"2

1.x 107"

1.x107'° v
0.02 005 01 02 0.5 1

FIG. 14. The GW signal at the peak frequency, given in
Eq. (98), as a function of the maximal value of the fluid velocity
vy, for fixed s = 0.68. One can have wv; < ¢, both for def-
lagrations and detonations, while wv; > ¢ is possible only for
detonations. One should keep in mind that in principle once s is
fixed, v; is not a free parameter. In the case of Jouguet
detonations its value is well known, wv; = c¢,(1 — s5)/(s — c2);
for deflagrations there is no analytic formula, and in order to
derive v; one needs to know vy as well as v, the incoming
fluid velocity in the frame of the bubble discontinuity
(cf. Sec. III B). Nonetheless, the aim of this figure is just to
show the order of magnitude of the GW signal when the fluid
velocity is taken as a free parameter. This gives a reasonable
estimate, since the dependence on s is small, cf. Fig. 11.
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Jouguet detonations, for deflagrations, we cannot express
the signal as a function of a only. Indeed, for small
velocities, the relation between « and the bubble velocity
will depend on the interactions between the bubble wall
(the Higgs field) and the particles in the thermal bath. In
any given model of a first-order phase transition, one can in
principle compute the bubble wall velocity and the conse-
quent fluid velocity profile, see e.g. Ref. [42] for the case of
a weakly first-order EW phase transition, and Ref. [44] for
the strongly first-order phase transition presented in
Ref. [6]. Provided that the released latent heat is large,
one can obtain a large bubble wall velocity. In addition, one
would have to look carefully at the physics of deflagrations
to derive the relation between the fluid velocity and that of
the bubble wall, see for instance Ref. [35].
To conclude, our main new results can be summarized as
follows:
(1) Our description applies to both detonation and def-
lagration (the fluid velocity is nonzero over a finite
volume rather than on an infinitely thin wall and v #

1).
(i) Our peak frequency is parametrically larger
(< 1/v).

(iii)) We provide an analytic expression for the shape of

the spectrum.

The possibility that the signals discussed here, if they are
produced at the electroweak phase transition, could be
detected with LISA will be discussed in an upcoming
publication [29]. We confirm that the GW signal coming
just from bubble collisions is observable only for very large
fluid velocities. Indeed, LISA’s best sensitivity is not much
below Qh%* ~107'2. Such a value can be reached if
B/H. ~ 10 and vs ~ 0.2. More realistic values B8/H, ~
10% would require v; ~ 0.5 in order to lead to an observ-
able signal. As mentioned in the Introduction and as will be
presented in [29], there are other sources (magnetic field
and turbulence) of GW during phase transitions and the
signal from bubble collisions is just one contribution.
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APPENDIX A: ONE SINGLE BUBBLE

If there was only one bubble, there would not be any
gravitational radiation since a single bubble corresponds to
a spherically symmetric distribution of energy and momen-
tum which cannot emit gravitational waves. In this
Appendix we show that the anisotropic stress Eij from a
single bubble is purely scalar: this means that there exists a
function f such that

3 =Ty — T8, =(3;0; — 18,;A)f, (A1)
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where T;; denotes the energy-momentum tensor of a bub-
ble. Such a scalar component is projected out by the tensor
projection operator which is given in Fourier space in
Eq. (8), and therefore does not contribute. In this case,
from the above equation the function f must satisfy the
condition

A%f =39,9,30. (A2)
We now demonstrate that this condition is always satisfied
for a single, spherically symmetric bubble. For one spheri-
cally symmetric bubble we have, up to the constant en-
thalpy p + p,

2ij = v(rv;(r) — %51",‘7/2(7”), (A3)
so that
6/6,2” = aia/'[vi(r)vj(r) - %3,]112(1‘)] (A4)
4 vv/ 3
=§[UU”+U/2+57+ﬁU2] (AS)
= (6, + g)(é—‘ v'v + g1)2). (A6)
r/\3 r

For the third equal sign we have used spherical symmetry,
we work with the ansatz v = v(r)e,, and the prime denotes
the derivative with respect to r. On the other hand, for a
spherically symmetric function f we have

A%f = (a, + %)(f” + %f’)l.

Therefore, if we find a function f which satisfies

2 2 2
iv’v + 2?2 = —(f” +—f’>
3 r 3 r

/
or, equivalently

p=tp =Ly = (A7)

r

the anisotropic stress (A3) is equal to the expression given
in Eq. (A1), therefore, it is a pure scalar. This is indeed the
case, since Eq. (A7) is an ordinary linear differential
equation which always has a solution for a given radial
velocity v.

Hence a single spherically symmetric bubble only gen-
erates scalar perturbations and does not contribute to the
tensorial part of the energy-momentum tensor IT;;, which
is the source of gravity waves. This is of course not
surprising given that spherically symmetric configurations
only have scalar degrees of freedom. Nevertheless, we
have added this brief calculation here since one might
draw wrong conclusions from the fact that the anisotropic
stress of a single, spherically symmetric bubble does not
vanish.
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Another way to arrive at the same result is to show that
the tensor projection operator given in Eq. (8),

Miju = PyPjy — 3PPy (A8)

with

Py =AY (A8y — 9;0;) (A9)
vanishes when applied to a spherically symmetric stress
tensor. For a single bubble one has then

I;; = M Ty = My (v (r)v,(r)) = 0.

APPENDIX B: CALCULATION OF THE VELOCITY
FIELD POWER SPECTRUM

In this Appendix we explain how to evaluate the velocity
correlation function Eq. (28) and Fourier transform it to
obtain the velocity power spectrum Eq. (38). The quantity
we need to calculate is the tensor

1 R, rn) = ] Prolx = Xy - x0). (B

The intersection volume V; varies with the distance be-
tween x and y, as shown in Fig. 3, with r = |x —y|. We
choose an orthonormal basis with &, || X — y. One identi-
fies four different regions: setting a = |x —y|/2 = r/2,
they are given by the limiting values

OSCZSR_zrim, R_Zrimsasrinv
(B2)
R+rim R+rim
g =a = > 3 =a=R

The intersection volume is symmetric under rotations
around &,, so in order to perform the integral in (B1) we
choose cylindrical coordinates with z || &, and p || ;. We
have

X = (pcos(@), z, p sin(p)),
x = (0, —a, 0), y = (0, a,0).

d*xy = pdpdzde,
(B3)

Substituting the above formulas in (B1) and performing the
integration in d¢, one sees that, because of cylindrical
symmetry, the tensor /;; is diagonal. Evaluating (B1) re-
duces simply to calculate the two integrals

= f dzdpp?,
K (B4)
Ly = 277[ dzdpp(z* — a?).

i

The limits of integration, here generically denoted with V;,
depend in fact on the variable a. As an example, in the
region 0 < a < (R — ry,)/2, the first integral becomes
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- 0
I = 77'[[ K dz'/‘p1 dpp® + [ dz ” dpp?
—22 0 —Z P2
+ [Z] dz [ dpp® + fZ2 dz [m dpp3],
0 pP3 Z) 0

= rin[ + a,

plzsz_(Cl_Z)2, int
p3 =~ (@—a’  py=yR —(a+2)"

Analogous expressions can be found for the remaining
three regions, and similarly for /,,. The final results of
the integrations are the two continuous functions
I,i(a, rip, R) and I, (a, iy, R), as a function of the variable
0 = a = R, which are too long of expressions to be written
explicitly here.

Knowing 1,; = I3; and I,,, we impose the condition of
statistical homogeneity and isotropy for the velocity field,
meaning that we impose the tensorial structure

1i; = f0;; + ghif; = 11165 + (Iy — I11)7i7,

Ve) =R —aq,

pr=qri, — (a+2)?

(B5)

where the second equality is a straightforward conse-
quence of our choice 7 = X —y || &,. The two-point cor-
relation function for the velocity field takes the final form
[cf. Equation (32)]

viri Ly — 1 . .
s, 3,0 = (0 o5 i, + 22
c c

(B6)

where the prefactor is independent of @ = r/2 and the
volume V., is given in Eq. (30).

In order to know the power spectrum, we have to Fourier
transform the above equation with respect to the variable r.
Because of homogeneity and isotropy, we get a delta
function in momentum. We rewrite the Fourier transform
of the second term in the sum, which is direction depen-
dent, in terms of derivatives with respect to the wave
vector, and we obtain

U2
(wi(k,0v(a.0) = 50k — @) 75| F(1)oy

I, — 1
c

The Fourier transform of a function only of r gives a
function only of wave-number k. Knowing this, we can
reexpress the partial derivatives, to obtain expression (34)
and followings. The Fourier integrals, as for example

11 (7, Ty R)
V.(r)

(B7)

am [ drrsin(kr) (B8)
k Jo

need to be further divided in the sum over the four integrals
corresponding to the regions described above, depending
on the value of r, since in each of these regions the
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integrand takes a different form. Again, we do not write
the complicated full expression of the result, for which we
found the fitting formulas (39) and (40) shown in Fig. 4.

APPENDIX C: LARGE AND SMALL SCALE PART
OF THE GW POWER SPECTRUM

We have seen that the gravitational wave power spec-
trum, independently of the different time approximations,
always grows like k* at scales larger than the peak scale

kl;ilk =~ R(ngn)/4.5. The reason for this general behavior is

that the source is uncorrelated at these scales. Therefore,
the power spectrum of the anisotropic stress source is
simply the incoherent sum of uncorrelated regions, and is
white noise. The white noise behavior for the anisotropic
stress in turn determines the k> increase for the GW power
spectrum.

On the other hand, we also saw that for the small scale
part of the spectrum we always recover roughly a k™2
decrease, with the only exception of the completely inco-
herent case [cf. Equations (62) and (64)]. The small scale
decrease can be understood from dimensional arguments.
In this Appendix we present general arguments for the
origin of the above mentioned power laws for the large
and small scale part of the GW power spectrum.

Let us first concentrate on the large scale limit. We start
with a generic velocity power spectrum showing a peak at a
characteristic scale k = L~!. The scale L, corresponding
in our case to the bubble diameter L = 2R, may depend on
time. We assume that the large and small scale behaviors
are given by two power laws,

(Lk)"
(Lk)m

for Lk <1,

for Lk > 1, €D

P(k) o u2L3{
satisfying the conditions n > —3, m < —3 so that the
energy density is dominated by the contribution at the
peak. The prefactor v”> denotes the average energy per
unit enthalpy of the source. For bubbles, we have n = 0
for the function A(k) and n = 2 for B(k), cf. Equations (39)
and (40) and the discussion thereafter (we will treat the
small scale decrease of these functions later on). The
anisotropic stress power spectrum is given by the convo-
lution of the velocity power spectrum [cf. Equation (24)].
Setting Q = gL and K = kL, and neglecting angular de-
pendencies, we have

1w = [~ daqPk ~ aDP(g)
1
x v4L3U 00" ?P(IK — QI)
0
+ [Tagemerik -]
In the large scale limit k << L™!, in the second integral we

can safely neglect K with respect to Q and simply set
P(|K — Q) = Q™. In the first integral we have to be a little
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more careful. If n < —3/2, the main contribution to the
integral comes from the divergence at Q — K and the
integral picks a behavior K?**3. In our physical bubble
situation, we have n = 0, n = 2; we therefore choose to
analyze only the case n = —3/2, for which we find

MMk — 0) o v4L3|:/01 dQQ>+2 + [:o dQQ2m+2]

1 1
SRES
YR\ 3 2m+ 3 ©3

Therefore, the anisotropic stress at large scales is white
noise. Going back to Egs. (6) and (15), we see that for a
constant anisotropic stress power spectrum, the GW power
spectrum behaves like

dQ (k)

K| (k)|* o KBTI(k).
T | o IR =« e

(C4)

Here we have reexpressed the conformal time derivative
appearing in Eq. (6) in terms of a derivative with respect to
x = kn, and we have taken into account that converting the
double integral over the Green function in Eq. (15) into a
double integral with respect to conformal time, induces an
additional factor k*>. We therefore recover the observed
large scale behavior o k3.

We now turn to the small scale limit, k > L~!. In this
case, our fits to the functions A(k) and B(k) decrease like
k~*. As argued in Sec. III C, this power law is transferred to
the small scale behavior of the anisotropic stress power
spectrum, cf. Equations (42) and (43), which takes the form

(I1;(k, T)IT;,(q, 7)) = 8(k — Q)R(7) I(K(7), (C5)

where J(K) decreases like K~ for K > 1, and we neglect
all the other time-dependent factors, which are irrelevant

for the argument presented here. Inserting the above ex-
pression in Eq. (15), one finds
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1
MWWMF]@[MMMmeoﬂmm

1
< ] dy f dzy’ cos(y = 2)I(y), (C6)

where for the second equality we have used the fact that
R(7) o« 7. Substituting the above formula into Eq. (6) re-
written in terms of the derivative with respect to x, one
finally obtains

dQ(k)

m o kslh/(k)lz

k>L!

1
«p[@[afww—nnm<m>

where the double integral simply causes a modulation in
the spectrum. We recover, in the large wave-number limit,
the k=2 decrease, which is a simple consequence of dimen-
sional analysis since I is a function of y = k7 only in the
relevant regime. This power law usually acquires small
corrections due to the fact that the integral in Eq. (C7) is
not completely independent of k. Depending on the ap-
proximation for the unequal time anisotropic stress power
spectrum, we actually found power laws k~# with 8 in the
range 1.8 < 8 << 2.2. Within our approximation, these may
well also be logarithmic corrections to the slope 8 = 2.

In the case of the totally incoherent unequal time ap-
proximation, the argument is changed because of the delta
function in time: the form of the anisotropic stress power
spectrum is now [cf. Equation (62)]

(IL;;(k, DIT(q, §)) = 8(k — @)8(7 — OHR(7)* I(K(7)).
(C8)
Repeating the above argument, one easily finds that the

large wave-number power law is now changed to k! (k=98
with the corrections from the integral).
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