
Gravitational waves from phase transitions at the electroweak scale and beyond

Christophe Grojean1,2,* and Géraldine Servant1,2,†
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If there was a first-order phase transition in the early universe, there should be an associated stochastic
background of gravitational waves. In this paper, we point out that the characteristic frequency of the
spectrum due to phase transitions which took place in the temperature range 100 GeV–107 GeV is
precisely in the window that will be probed by the second generation of space-based interferometers such
as the big bang observer (BBO). Taking into account the astrophysical foreground, we determine the type
of phase transitions which could be detected either at LISA, LIGO or BBO, in terms of the amount of
supercooling and the duration of the phase transition that are needed. Those two quantities can be
calculated for any given effective scalar potential describing the phase transition. In particular, the new
models of electroweak symmetry-breaking which have been proposed in the last few years typically have
a different Higgs potential from the standard model. They could lead to a gravitational wave signature in
the milli-Hertz frequency, which is precisely the peak sensitivity of LISA. We also show that the signal
coming from phase transitions taking place at T � 1–100 TeV could entirely screen the relic gravitational
wave signal expected from standard inflationary models.
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I. INTRODUCTION

Direct detection of gravitational radiation will hopefully
soon become a reality, with the operation of the first
generation of interferometers such as (kilometer-scale,
ground-based) LIGO [1] and VIRGO [2] and (million-
kilometer-scale, space-based) LISA [3]. Those instruments
will allow us to probe gravitational waves produced by
astrophysical objects at relatively low red-shift (black hole
binaries, neutron star binaries, white dwarf binaries, super-
novae, pulsars. . .) In addition, gravitational waves (GW)
can provide information about particle physics at unex-
plored high energies. The weakness of the interaction with
matter is a major obstacle for detection of gravitational
waves but it also has the virtue that the information they
carry about the state of the universe at the moment of their
production has been unaltered. They are precious informa-
tion on the very mechanism that produced them. GW can
be produced by core collapse of supernovae, first-order
phase transitions, vibration of cosmic strings, preheating,
dynamics of extra dimensions, etc.

Among those well-motivated but hypothetical cosmo-
logical sources of GW, there is at least one that we are
convinced exists: the GW produced during inflation. This
signal is expected to be very tiny. Quantum fluctuations in
the inflaton field during inflation leaves behind a residue in
density perturbations observed in the cosmic microwave
background (CMB). They also lead to a background of GW
whose properties couple with those of density fluctuations.
As the CMB anisotropies are affected by GW, the WMAP
constraint on the energy scale of inflation fixes a bound on

the size of the GW signal due to inflation �GWh
2 &

10�15 � 10�14 [4]. This is several orders of magnitude
below the best sensitivity of the first-generation of inter-
ferometers. However, attempts to detect this relic primor-
dial background are very strongly motivated. This is a main
goal of the second generation of space interferometers, in
particular, the big bang observer (BBO) [5], the follow-on
mission to LISA, which would become a reality within 20
or 30 years (by comparison, LISA, if funded, should be
operational by 2014).

The present work focusses instead on the detectability of
GW from first-order phase transitions. The corresponding
relic GW background encodes useful information on these
major symmetry-breaking events which took place in the
early universe. In contrast with the inflationary spectrum,
the spectrum is not flat, with a characteristic peak related to
the temperature at which the phase transition (PT) took
place. This signal can actually be higher by several orders
of magnitude than the signal expected from inflation and in
some cases can entirely screen it. One symmetry-breaking
event which for sure took place in the early universe is
electroweak (EW) symmetry breaking. What we do not
know yet is whether it was a first-order phase transition, in
which case it proceeded through nucleation of bubbles
resulting in a large departure from thermal equilibrium.
Bubble collision and associated motions in the primordial
plasma are sources of gravitational waves. The character-
istic frequency of the signal is close to the Hubble fre-
quency at the time of the transition H�TEW� � 10�14 GeV.
Once redshifted to today, this corresponds to mHz frequen-
cies, which is precisely the frequency band that LISA is
sensitive to. It is therefore very exciting that LISA could
help providing information on the EW scale, in particular,
on the nature of the EWPT.
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The GW spectrum resulting from first-order PT was
computed in the early nineties [6–9] but this topic has
not received much subsequent attention, as it was found out
that there is no first-order EWPT in the standard model
given the experimental bound on the Higgs mass [10]. It
was realized ten years after the original calculation of [6–
9] that turbulence in the plasma could be a significant
source of GW in addition to bubble collisions [11,12].
Subsequently, the authors of [13] studied the GW signal
due to a first-order EWPT in the minimal supersymmetric
standard model (MSSM) and its NMSSM extension.
Finally, Nicolis [14] did a model-independent analysis
for the detectability of GW with LISA.

We believe that it is time to revisit this question for two
reasons: The nature of the EWPT will start to be probed
experimentally at the LHC. Indeed, it depends essentially
on the Higgs sector of the theory or any alternative dynam-
ics for EW symmetry breaking. In the last few years, new
models of EW symmetry breaking have been suggested
(little Higgs, gauge-Higgs unification, composite Higgs,
Higgsless models. . .) and the nature (smooth crossover or
first-order) of the EWPT in these new frameworks remains
unknown. Second, the technology for gravitational wave
detectors has made advances [15] and we think it is timely
to redo a model-independent analysis not only for LISA
but also other devices.

LIGO is sensitive to much higher frequencies (from a
few Hz to a few hundreds of Hz) thus it is in principle
sensitive to phase transitions which took place at much
earlier epochs. For instance, we will show that if there was
a very strong first-order PT at temperatures of order
107 GeV, the ultimate stage of LIGO (LIGO-III, corre-
lated) could detect the corresponding peak (as already
pointed out in [6]). The second generation of interferome-
ters will be able to say much about the possible existence
of early universe first-order phase transitions. Indeed,
BBO will be sensitive to signals from PT which would
have taken place in the temperature range T �
100 GeV–107 GeV, even if not necessarily exceptionally
strong.

In this paper, we start with some generalities on stochas-
tic GW backgrounds including the astrophysical back-
ground. We also recap what would be the observable
redshifted signal we would observe after the GW have
propagated forward from the phase transition until today.
Section III reviews the key formulas used in the theoretical
predictions of the GW spectrum due to first-order phase
transitions. There is nothing new in this part. However, this
formalism had so far only been exploited to study the
detectability at LISA of GW due to a first-order electro-
weak phase transition. In Sec. IV, we apply it to any
other phase transitions taking place at higher tempera-
tures and compare them with the sensitivities of not only
LISA but also LIGO and BBO. Predictions can be pre-
sented in a model-independent way as a function of

two quantities, namely � (� latent heat) and ��1

(� duration of the phase transition), which can be com-
puted for any given effective scalar potential describing the
transition. For each temperature, we identify which values
of � and � lead to an observable signal. Particle model
builders can then test their favourite scalar potential by
computing its corresponding values of � and � and see
whether it can give rise to a detectable GW signal. We
comment on some specific examples of particle physics
models.

II. ASTROPHYSICAL VERSUS COSMOLOGICAL
GW BACKGROUND

Stochastic backgrounds are random gravitational waves
arising from the incoherent superposition of a large number
of independent, uncorrelated sources that cannot be re-
solved individually. They are discussed in terms of their
contribution to the universe’s energy density, over some
frequency band:

 �GW�f� �
1

�crit

d�GW

d lnf
: (1)

By their very nature, stochastic GW are indistinguishable
from the detector noise. Ground-based detectors look for
them by coordinated measurements (comparing outputs of
multiple detectors to find sources of correlated noise) while
LISA can extract the instrumental noise power by combin-
ing the signals from its three spacecrafts. For technical
aspects related to the detection of a gravitational wave
stochastic background, see Ref. [16].

Searching for GW waves of cosmological origin is an
ambitious goal. There is a huge foreground due to astro-
physical sources which in principle makes detection im-
practical. Once the signals from every merging neutron star
and stellar mass black holes have been identified and
substracted, the primary sources of foreground signals
are galactic and extragalactic binaries. The galactic back-
ground produced by binary stars in the Milky Way is many
times larger in amplitude than both the extragalactic fore-
ground and LISA’s design sensitivity. However, it can be
substracted because of its anisotropy, being mostly con-
centrated in the galactic plane. Irreducible background
comes from extragalactic binary stars and is dominated
by emission from white dwarves (WD) pairs. The corre-
sponding GW spectrum was estimated in Ref. [17] where
limits are placed on the minimum and maximum expected
background signals. Ref. [17] points out that at frequencies
f & 50 mHz, there will be too many individual WD-WD
sources contributing in each resolution element to be com-
pletely resolved and substracted source by source by mis-
sions with plausible lifetimes. However, much of the flux
comes from relatively nearby sources, and the WD-WD
numbers drop rapidly above 50 mHz. Thus it may be
possible for future missions more sensitive than LISA to
substract this background at high frequencies [17]. In our

CHRISTOPHE GROJEAN AND GÉRALDINE SERVANT PHYSICAL REVIEW D 75, 043507 (2007)

043507-2



figures, we plot this background coming from unresolved
compact white dwarf binaries assuming that it can be
removed at frequencies above 50 mHz. At higher frequen-
cies, the dominant foreground GW sources are inspiralling
neutron star-neutron star, neutron star-black hole and black
hole-black hole binaries. These have to be individually
identified and substracted. This problem is discussed in
[18], and in our BBO detectability analysis we optimisti-
cally assume that this foreground can be substracted.

The GW background due to early universe events is
stochastic as the signal comes from the superposition of
incoherent sources originating from a huge number of
different horizon volumes. For instance, the size of the
horizon at the time of the electroweak phase transition
was much smaller than today �10�14 GeV��1, correspond-
ing to a tiny fraction of degree on the sky today. Gravity
waves produced at the temperature T� with a characteristic
frequency f� propagate until today without interacting.
Their energy density redshifts as a�4 and their frequency
as a�1 (we assume a radiation-dominated era). The char-
acteristic frequency of the signal we observe today is

 f � f�
a�
a0
� f�

�
gs0
gs�

�
1=3 T0

T�

� 6� 10�3 mHz
�
g�

100

�
1=6 T�

100 GeV

f�
H�

; (2)

where H� and g� are, respectively, the Hubble frequency
and the number of relativistic at the temperature T�. The
remarkable fact is that for T � 100 GeV and f�=H� � 102,
(as expected for weak scale processes as will be explained
below), the peak frequency of the GW spectrum is in the
milli-Hertz, just in the band of LISA.

III. GW FROM FIRST-ORDER PHASE
TRANSITIONS

A. A two parameter problem

Phase transitions are commonly described by the effec-
tive potential of the scalar field (either elementary or
composite) responsible for the dynamics. First-order phase
transitions are triggered if there exists a temperature at
which a barrier separates two degenerate minima. Then,
the phase transition proceeds via nucleation of bubbles
which occurs through quantum tunneling and thermal fluc-
tuations. As a bubble expands, part of the liberated latent
heat raises the plasma temperature while the other part is
converted into kinetic energy of the bubble wall and bulk
motions of the fluid. Because of its spherical symmetry, a
single expanding bubble produces no gravity waves. Only
after bubble collisions destroy the spherical symmetry is
gravitational radiation emitted. High velocities and large
energy densities provide the necessary conditions for pro-
ducing gravitational radiation. There are two sources of
gravitational waves: the actual collision of bubbles and the
turbulence in the plasma due to bubble motion. The result-

ing spectrum of gravitational waves has been studied in
details in [6–9,11–14]. The turbulence spectrum was re-
cently revisited in Ref. [19]. Reexamination of the bubble
collision spectrum is underway [20].

We are working under the assumption that bubble ex-
pansion proceeds via detonation [21], which is justified for
strong first-order phase transitions only. Remarkably, in
this regime, GW predictions only depend on the grossest
features of the bubble collisions.

The first important parameter is the rate of variation of
the bubble nucleation rate, called �. This quantity fixes the
characteristic scale in the problem, the size of bubbles at
the time of the collision, and therefore the characteristic
frequency f� of the GW spectrum. The duration of the
phase transition is given by ��1 and the size of bubbles is
typically Rb � vb�

�1 where vb is the velocity of the
bubble wall. The initial size of the bubble at the time of
nucleation (of the order of T�1) is negligible compared to
��1 which is of the order of the horizon size. The second
crucial parameter characterizing the spectrum of gravita-
tional waves is � � �=�rad, the ratio of the latent heat
liberated at the phase transition (� � latent heat) to the
energy density in the high energy phase, commonly being
radiation energy density. � is not necessarily vacuum en-
ergy, see for instance [22]. � and � are evaluated at the
nucleation temperature and determine entirely the GW
spectrum.

The parameters � and � can be computed once we know
the effective action for nucleating bubbles (‘‘critical bub-
bles’’) which can be computed for any scalar potential
describing the phase transition, though the numerical com-
putation is rather delicate. The critical bubbles extremize
the 3D Euclidean action

 S3 �
Z

4�r2dr
�
1

2

�
d�b

dr

�
2
	 V��b; T�

�
: (3)

It is equivalent to the differential system
 

d2�b

dr2 	
2

r
d�b

dr
�
@V
@�b

� 0 with
d�b

dr

��������r�0
� 0 and

�bjr�1 � 0; (4)

that can be solved using an overshooting-undershooting
method. The phase transition completes when the proba-
bility for the nucleation of 1 bubble per 1 horizon volume
and horizon time is of order 1, which guarantees that
bubbles percolate even if the universe is in inflation. This
condition translates into (T? is the temperature at time t?
when the phase transition completes)

 S3�T?�=T? ��4 ln�T�=mPl�: (5)

The time variation of the rate of bubble nucleation, ��t� �
A�t�e�S�t�, is mostly controlled by S�t� � S3=T. Thus

 � 
 �
dS
dt

��������t�

�
1

�

d�

dt

��������t�

; (6)
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and, using the adiabaticity of the expansion of the universe,
dT=dt � �TH (H is the expansion rate of the universe),
we obtain

 

�
H�
� T�

dS
dT

��������T�

� T�
d
dT

�
S3

T

���������T�

: (7)

The latent heat is the sum of two contributions. The first
one is the difference in free energies between the stable and
metastable minima (which vanishes at Tc) while the second
one comes from the entropy variation �s (which is non
zero at Tc in a first-order PT). This leads to the following
formula for �:

 � � ��V � T�s � ���V 	 T@V=@T�T� : (8)

B. Scaling expectations and GW spectrum

The energy density in gravitational waves can be de-
duced from the quadrupole formula for the power of gravi-
tational emission. Let � be the efficiency factor which
quantifies the fraction of the vacuum energy which goes
into kinetic energy of bulk motions of the fluid (as opposed
to heating). In a radiation-dominated FRW universe, the
redshifted value of the energy density evaluated today at
the peak frequency is [9]:

 �collh2�fcoll� ’ 1:1� 10�6�2

�
H�
�

�
2
�

�
1	 �

�
2

�

�
v3
b

0:24	 v3
b

��
100

g�

�
1=3
; (9)

if the gravitational waves are produced by bubble collision
(g? is the number of relativistic degrees of freedom at T?).
The peak frequency of the collision spectrum is [9]

 fcoll ’ 5:2� 10�3 mHz
�
�
H�

��
T�

100 GeV

��
g�

100

�
1=6
: (10)

The scaling is slightly different in the case of GW from
turbulence in the plasma (the analysis of turbulent motions
of [11] was generalized in [12,14]):

 �turbh
2�fturb� ’ 1:4� 10�4u5

sv
2
b

�
H�
�

�
2
�

100

g�

�
1=3
; (11)

with [12,14]

 fturb ’ 3:4� 10�3 mHz
us
vb

�
�
H�

��
T�

100 GeV

��
g�

100

�
1=6
:

(12)

These formulas follow from an analysis assuming an ideal-
ized simplified model of turbulence. The turbulent fluid
velocities us are smaller than the bubble expansion veloc-
ities, unless turbulence is extremely strong. As a result,

according to (10) and (12), the peak for the turbulence
spectrum will be shifted to lower frequencies. Note that the
peak frequency of the collision signal does not depend on
�. Because fturb � fcoll � �us=vb� and (us=vb) is an in-
creasing function of �, as � increases, the collision peak
gets hidden by the high-frequency tail of the turbulence
signal.1

The signal from turbulence is more promising than the
signal from bubble collision due to the different scaling
with �. We will use the following formulas for the veloc-
ities and the efficiency factor [9,14,22]:

 vb��� �
1=

���
3
p
	

�����������������������
�2 	 2�=3

p
1	 �

; us��� ’

���������������
��

4
3	 ��

s
(13)

 ���� ’
1

1	 0:715�

�
0:715�	

4

27

������
3�
2

s �
: (14)

We remind that Eqs. (13) and (14) are only valid if the
bubbles propagate as relativistic detonations. This assump-
tion allows us to express the final results in a model-
independent way, as a function of � and � only. Note
that the formula for vb neglects bubble friction due to
interactions of the bubble wall with the particles in the
plasma. In principle, vb � �=� where the friction � de-
pends on the width of the bubble wall which cannot be
expressed in terms of � only [23]. The detonation assump-
tion is reasonable for very strong phase transitions, but not
for weaker ones,—bubbles can also propagate as subsonic
deflagrations [21], in which case the radiation amplitude is
much lower. Therefore, it makes no sense to take the �!
0 limit in our formulas. Anyhow, it is clear that the signal is
going to be detectable only for relatively large � in which
case these formulas are applicable.

IV. OBSERVABILITY OF A GW SIGNAL FROM A
PHASE TRANSITION

The formulas (9) and (11) for �h2 show that the ampli-
tude of the signal does not depend on the energy scale of
the transition but only on the dimensionless parameters �
and H�=�, in other words on the shape of the scalar
potential at the time of nucleation. Very roughly, taking
�=H� � S3�T��=T� �O�100�, it is clear that we need ��
O�1� if we want �h2 * 10�10 (to see something at LISA).
Our experience with possible values of � and �=H� is
based on the studies of potentials describing the electro-
weak phase transition. The values of � and �=H� are
related to the ratio ��T��=T�, another quantity character-
izing the strength of the phase transition, where � is the

1Although the relation fturb � fcoll � �us=vb� is likely to be
revised in Ref. [20].
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vacuum expectation value of the Higgs. For instance, in the
MSSM,� is typically smaller than 0.1 while�=H� is larger
than 1000 [13]. On the other hand, in the NMSSM, the
authors of [13] found values of ��O�1�. Values of �
larger than 1 correspond to a phase transition which is so
strong that it is at the borderline of not being able to take
place because the free energy of a critical bubble is too
large: either the barrier separating the two minima is too
large (the barrier even exists at zero temperature) or the
distance in field space between the two minima of the
potential is too big. The same applies if �=H� is smaller
than O�100�. This situation is encountered not only in the
NMSSM but also in effective theories with large negative
quartic couplings [24], as will be presented in [25]. Note
that for a given scalar potential, � and �=H� are actually
correlated as a large value of � will be associated with a
small value of�=H�. Indeed, � is proportional to the latent
heat, which grows as �V, the depth of the potential at the
minimum, is getting bigger. On the other hand, S3=T (and
thus �=H�) typically scales like 1=

��������
�V
p

.
Let us make a few comments concerning the situation

where �� 1. In usual phase transitions, this means that the
vacuum energy is of the same order as the radiation energy
density, therefore inflation starts before bubbles percolate.

However, if �=H4 �O�1� is satisfied, this guarantees that
the phase transition can still complete. The number of e-
foldings of inflation is ln�V1=4=T��, which is typically less
than 1. However, if the transition is very slow, i.e. �=H &

1, one should take formulas (9) and (11) with caution as
they are derived neglecting the expansion of the universe,
which is not a good approximation if �=H < 1.

Figure 1 shows some GW spectra illustrating the pre-
dictions for various temperatures with representative val-
ues of � � 0:4, 1 and �=H� � 100, 800, 3000. Those plots
also exhibit two examples of signals from inflation (and
taken from [4]) for comparison. The scale of inflation is
constrained by the CMB to be EI & 3:4� 1016 GeV [4].
This fixes the largest signal we could expect from inflation
as �GWh

2 / E4
I . We also include the signal corresponding

to EI � 5� 1015 GeV which could be observed at BBO.
We now want to characterize, in the ��;�=H�� parame-

ter space, phase transitions that leave a gravitational waves
background obvervable either by LISA, BBO or LIGO.

In our analysis, we will use the formulas of the previous
section as well as the fact that the spectrum �collh

2 is
expected to increase as f2:8 while at high frequencies it
drops off as f�1:8 and that �turbh

2 increases as f2 while at
high frequencies it drops off as f�7=2. This is already all

 

FIG. 1 (color online). Spectrum of gravitational waves expected from a first-order phase transition (solid blue line) for four
temperatures and for some choices of ��;�=H� values. The dashed red lines are the (approximate) predicted sensitivities of LISA,
BBO, LIGO-III. The horizontal dashed green lines are the gravitational spectra expected from inflation, for two scales of inflation, for
comparison. The black dashed curve is the estimate for the irreducible foreground due to white dwarf binaries (from [17]). At large �,
only the peak from turbulence can be seen as well as a change of slope (shown as a circled cross) corresponding to the high-frequency
tail of the bubble collision spectrum. For low �, it is possible to see the collision peak as well.
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summarized in the letter [14]. However, Ref. [14] focuses
on the detectability at LISA of GW from a T � 100 GeV
phase transition, while we are now using this formalism to
look in more details at the detectability of GW coming
from any other 1st order phase transitions at future inter-
ferometers. We repeat that we are working at the level of
an-order-of-magnitude estimate. Magnetohydrodynamical
effects could make the slope of the turbulence high-
frequency tail smaller [14] and in any case, for a more
precise analysis, the calculation of the power spectrum
should be revisited first. We compare the GW spectra
resulting from PT occurring at temperatures in the range
[100 GeV, 100 PeV] with the sensitivities of LISA, BBO
and LIGO correlated third generation (and taken from
[26]). The BBO sensitivity is approximate and may change
in the final design. We are actually using the sensitivity of
BBO Corr, its correlated extension, which correlates two
detectors, namely, two LISA-like constellations (each
LISA-like constellation orbits around the Sun at 1 AU
and consists in three spacecrafts in a triangular configura-
tion) that will allow to do correlations to measure the
stochastic background. As discussed in Section II, we
take into account as well the irreducible background due
to extragalactic white dwarf (WD) binaries.

For each temperature, we are making a full scan of the
��;�=H�� parameter space and determine the regions
where at least one of the peaks is observable. According
to Eqs. (9)–(12), various situations can arise 2:

(i) For relatively low �, the turbulence and collision
peaks are well separated and can be observed. This is
the ideal situation as the observability of these two
peaks would be a smoking gun for the phase tran-
sition origin of these GW. The ratio of the two peak

frequencies is a predicted function of �. In some
cases, the turbulence peak is at too low frequency to
be observed by LISA or BBO but the minimum
separating the two peaks is visible.

(ii) At larger ��* 0:64�, the collision peak is hidden by
the high-frequency tail of the turbulence peak.
However, there is a characteristic change of slope
in the high-frequency tail. Depending on the tem-
perature of the transition, this change of slope can
be observed or not.

Our contour plots show the region where the turbulence
peak is observable and the region where either the collision
peak or the slope change is visible, at LISA (Fig. 3), BBO
(Fig. 4) and LIGO (Fig. 5). The vertical line separates the
low � region where the two peaks are well separated from
the large � region where only the change of slope is
visible. The lower horizontal bound is due to the fact that
we cut the sensitivity of both LISA and BBO at 10�4 Hz.
Because of this frequency limit in the sensitivity, we cannot
probe phase transitions below a �GeV and thus the QCD
phase transition. In the BBO plots, we show the very
important effect of the WD foreground on the detectability
at BBO.

Note that we could have also made contours correspond-
ing to cases where none of the peaks are observable but the
high or low frequency tails can still be detected. This will
clearly enlarge the detectability region and this is work in
progress.

A. T � 100 GeV

LISA will be able to detect the peak of GW from a
100 GeV first-order PT only if it is extremely strong (� *

0:5 or �=H & 1000). The Higgs potential of the MSSM
does not satisfy this requirement but it can in the NMSSN
[13]. Higgs potentials with negative quartic couplings can
also trigger strong EWPT as was shown in [24]. The
corresponding prospects for GW detection will be pre-
sented in details elsewhere [25]. There are also exciting
large signals expected from the high temperature behavior
of a warped extra dimension [22]. If T is�500 GeV rather
than 100 GeV, the GW peak will coincide with LISA’s best
sensitivity frequency and a larger region will be detectable.
The prospects for detection of GW from the 100 GeV
EWPT are very good at BBO. At these low frequencies,
the WD foreground is lower. For instance, the turbulence
peak for � * 0:3, �=H� 200, is above the WD fore-
ground and can be seen by BBO. Note also that at T �
500 GeV, values of �=H as large as 104–105 can be
probed.

B. T � 1 TeV

It is quite exciting that a 1 TeV PT with� * 0:4,�=H�
200 can be seen by LISA. Recent radical proposals to
address the hierarchy problem predict rich new phenomena

 

FIG. 2 (color online). Different configurations of the signal
versus the instrument sensitivity to show the qualitative depen-
dence on parameters. The upper blue region is where the
turbulence peak is observable while the lower red one is the
region where either the collision peak or the point of slope
change is visible. Precise locations of these different regions
depend on the experiment and the temperature of the transition
as illustrated in Figs. 3–5.
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at the TeV scale. For instance, new dimensions at a TeV
could give rise to observable signals at LISA [22]. There
was also a recent study of the high temperature behaviors
of little Higgs theories where it was shown that EW sym-
metry was restored precisely at a temperature of order
�1 TeV [27]. This transition appeared to be first-order.
A more detailed analysis would be required to determine
whether this PT could be strong enough to lead to an
observable spectrum of GW at LISA. Unfortunately, this
takes place in the regime where the effective theory ceases
to be under control. This is nevertheless an interesting
prospect.

If �=H * 100, the turbulence peak is above the WD
foreground for � * 0:2, and thus can be seen by BBO. In

addition, BBO can see the high-frequency tail of the col-
lision peak which covers good part of, if not entirely, the
inflation signal.

C. T � 10 TeV

At these temperatures, the peak cannot be probed by
LISA, unless �=H < 102. On the other hand, LISA can
still probe the low-frequency tail of these spectra and is
therefore a compelling tool to probe scales that LHC will
not be able to reach. As the temperature increases, the
peaks are shifted to higher frequencies, thus the effect of
the WD foreground becomes less significant and quite
weak first-order phase transitions can be probed. And the

 

FIG. 3 (color online). Contours delimiting the region in the ��;�=H� plane for which there is an observable peak at LISA. The upper
blue region is for the turbulence peak while the lower red one is the region where either the collision peak or the point of slope change
is visible. Left of the vertical green line, the collision peak is visible.
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high-frequency tail of the collision peak can entirely screen
the inflation signal, depending on the scale of inflation (see
Fig. 6). If �=H� 1000, it is possible to see both the

turbulence and the collision peaks for 0:1 & � & 0:64
and assuming that the inflationary scale is sufficiently
low. For �=H� 200, the collision peak can be seen for

 

FIG. 4 (color online). Same as Fig. 3 but for BBO. The effect of including the constraint from the irreducible WD foreground is
displayed and limits the observable regions from the uncolored ones to the ones in plain colors. As the temperature increases, the peaks
are shifted to higher frequencies, thus the effect of the WD foreground becomes less significant.

 

FIG. 5 (color online). Same as Fig. 3 but for LIGO-III.
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� as low as �0:05 if the inflationary signal is below the
BBO sensitivity.

D. T � 100 TeV

If �=H� 200 and � * 0:2 the inflation signal is for
sure entirely covered. If the inflation scale is below �5�
1015 GeV, � as low as 0.05 could be detected at BBO. Two
peaks can be seen if 0:1 & � & 0:64 and �=H� 200. At
larger �=H only the turbulence peak will be seen.

E. T � 107 GeV

This is a particularly interesting case as the same signal
could be observed by both BBO and Ligo-III. Specifically,
a phase transition with � � 0:8 and �=H� 200 would
give a turbulence peak observable by Ligo-III while the
low frequency tail would be observable by BBO. In this
example, the inflation signal would be hidden except in a
very narrow frequency range between 50 mHz and
80 mHz.

Interesting signatures end at this energy scale. Phase
transitions at T * 108 GeV cannot be probed by any of
the planned interferometers.

V. CONCLUSION

We have shown that the GW background from early
universe phase transitions may become relevant for a sec-
ond generation detector such as the BBO, which is so far
motivated to detect the GW background produced during
inflation. LISA, LIGO and BBO will be able to probe part
of the history of the universe in the temperature range

100 GeV–107 GeV. The GW signal coming from particle
physics phase transitions is directly related to the scalar
potential describing the evolution of the order parameter.
Observation or nonobservation of GW will allow to put
constraints on the parameters of these potentials. The
measurement of the GW spectrum (peak frequency and
intensity) can discriminate among different models (once
combined with experimental measurement at colliders, for
instance, once knowing the Higgs mass) and put con-
straints on the model parameters. For example, at LHC,
we will be able to measure the Higgs mass but not the
quartic or cubic self coupling of the Higgs. Only a linear
collider can provide this information, which timescale
could be beyond LISA. LISA could start constraining
model parameters before a linear collider. In addition,
LISA is sensitive to the 10 TeV scale which is beyond
the reach of the near future collider experiments.

The gravitational wave signal from phase transitions at
around 10–100 TeV temperatures could entirely screen the
signal from inflation, which detection is one of the main
motivations for building BBO.

We emphasize that our quantitative analysis can only be
indicative given the uncertainties both at the experimental
and theoretical level. The sensitivities of LISA, LIGO-III
and BBO will certainly change during the next years. On
the theoretical side, we use the estimate of the GW power
spectrum of [6–9,11,12,14] which is enough for the point
of this paper. However, it certainly deserves improvement.
We do not venture into this aspect in this work and just
encourage that this question be reexamined given the ex-
citing experimental prospects for GW detection from phase
transitions we demonstrated in this analysis.
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Note added—As this work was being completed,
Ref. [19] appeared where they re-examined the calculation
of the gravitational wave background from turbulence.
They disagree with and correct the dispersion relation
used for gravitational waves in [11,12,14]. This leads, in
particular, to a different prediction for the peak frequency
as well as a different spectral dependence. Re-examination
of the bubble collision spectrum is underway [20]. These
new results can marginally affect the detectability regions
of Figs. 3–5 but the overall conclusions will remain the
same.

 

FIG. 6 (color online). Below each line (each one associated
with the temperature of the phase transition), the gravitational
wave signal at BBO from 1st order phase transitions entirely
masks the signal expected from inflation. This plot strongly
depends on the scale of inflation, which was chosen here to be
EI � 3:4� 1016 GeV.
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