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We reanalyze the detection possibilities for gravitational waves arising from cosmological first order
phase transitions. We discuss the stochastic gravitational wave background corresponding to the three
expected scenarios of phase transition dynamics. We then perform an analysis on the detection possibilities
for each case using sensitivities for the next generation ground-based detector Cosmic Explorer and the
current LISA proposal, using two analysis methods. We find that having both detectors allows wide
detection possibilities over much of the parameter space, including those corresponding to several early

Universe models.
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I. INTRODUCTION

First order cosmological phase transitions (PT) are pre-
dicted in scenarios beyond the standard model of particle
physics, including in the context of the electroweak sym-
metry breaking (see, e.g., [1-4] and citations therein). Unlike
second-order phase transitions in which the transition pro-
ceeds smoothly, first order phase transitions occur by the
nucleation of bubbles of the new phase, which expand and
collide. Energy released in the collisions along with bulk
motion of any fluid present can give rise to a signi-
ficant stochastic gravitational wave background [3,5-14].
For a review of cosmological sources of the stochastic
gravitational-wave background, including PT models,
see [15].

The background from the electroweak PT is a target for the
Laser Interferometer Space Antenna (LISA) [2,16]. The most
sensitive frequency band for LISA is 1-10 mHz, and probes
the Universe when it was at temperatures of O(1 TeV), the
expected scale of the electroweak PT [2,16]. A previous
study in [3] has developed a phenomenological parametri-
zation for the PT background, and estimated the range of
models that can be detected by LIS A, assuming four different
LISA design proposals available at the time.

Unfortunately the electroweak PT background is not
likely to be detectable by currently operating ground-based
gravitational-wave detectors such as the Advanced Laser
Interferometer Gravitational-wave Observatory (LIGO)
and Advanced Virgo [17-19], which operate at roughly
10-5000 Hz and probe higher temperatures than LISA
[20]. However, next generation ground-based detectors
such as Cosmic Explorer (CE)[21] and the FEinstein
Telescope [22] are expected to be roughly a factor of
103 —10* times more sensitive to the stochastic background,
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and will extend the observing band to lower frequencies
~5 Hz [21,23]. Consequently, as we show below, CE may
be able to measure the tail of the EW PT, or the signal from
higher temperature PTs which could have spectra peaking
near the CE band, if they exist [24,25].

In this study, we quantitatively assess what can be
learned about the electroweak and other kinds of PTs by
analyzing data from both LISA and CE simultaneously.
A detection of the PT background by both LISA and CE
would be a discovery of enormous significance, by provid-
ing a measurement of the energy density spectrum in two
widely separated frequency bands. Even a null result in one
detector could provide additional information about the PT
background that the other detector could not achieve alone.

We adopt the parametrization of PTs developed in [3],
using the CE sensitivity from [21] and LISA sensitivity
from the most recent 2017 LISA proposal [16]. The LISA
noise estimates we use differ from those considered in [3]
in characteristics such as the arm length and mission
duration.

This study is organized as follows. In Sec. II, we discuss
the projected sensitivities of Cosmic Explorer and LISA. In
Sec. III we provide a summary of the gravitational wave
background produced by PTs. In Sec. IV we describe
analysis methods used to determine the detectability of a
gravitational wave (GW) signal. Finally, in Sec. V we present
the results of our analysis and discuss their implications.

II. PROJECTED SENSITIVITY OF LISA
AND COSMIC EXPLORER

The 2017 LISA proposal [16] calls for a space-borne
gravitational wave detector in a heliocentric orbit, lagging
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behind the Earth by 50-65 million km. The three LISA
space-crafts will be in a triangular formation, with a
separation of 2.5 million km between them. From the
six interferometer links along LISA arms, three time delay
interferometry (TDI) data channels (A, E, and T) will be
constructed in order to perform cancellation of laser phase
noise. To estimate the sensitivity of these channels, we use
the acceleration and displacement noise specifications from
the LISA proposal [16] and follow [26] to compute the
minimum sky-averaged strain amplitude needed for a
narrowband signal at a frequency f to stand above the
noise. For a channel I' we equate the noise power spectral
density S7(f) with the power induced by the gravitational
wave,

HAIRa(f) = S (). (1)

Here H(f) is the power spectrum of the gravitational wave
and R;(f) is the sky-averaged detector response to the
gravitational wave for channel 7, which is related to the

antenna function F/(Q, f) for the channel as,

A+X/—|19f )

Here Q depicts the solid angle. We note that the detector
response captures effects due to the geometry of the
detector, as well as the frequency dependence arising from
the relative size of the detector in comparison with the
wavelength of the gravitational wave. The strain sensitivity
h;(f) is then just the square root of H(f),

87(f)
Ri(f)

h(f) = (3)

We show the sky-averaged sensitivity curve for A and E
channels (we assume R, = Rg) given by Eq. (3) for LISA
in Fig. 1. For more details about constructing LISA
sensitivity curves, we refer the reader to [27].

Cosmic Explorer [21] is a proposed 40 km long detector
with a similar design to that of LIGO. It will extend the
frequency band of Advanced LIGO and Advanced Virgo
down to around 5 Hz, with sensitivity improvements of
order 10x relative to that of Advanced LIGO. Sensitivity
curves for CE are computed from analytical models of
noise sources including quantum noise, local gravitational
disturbances, and thermal noise in suspensions and mirror
coatings [21]. Unlike for LISA, the CE detector response
can be assumed to be independent of frequency because the
wavelengths of the gravitational waves targeted by these

'In this paper we do not consider cross power spectra, since
their sensitivities are generally much smaller than the autopower
spectra.
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FIG. 1. This plot shows the sky averaged sensitivity curves for
LISA and CE, given by Eq. (1).

detectors are much larger than the arm-length of the
detector. Figure 1 shows the CE target sensitivity.

II1. PHASE TRANSITION STOCHASTIC
GRAVITATIONAL WAVE BACKGROUND

The stochastic background is characterized by its spec-
tral energy density

d
Wou(f) = w2, @

where pgw is the energy density in gravitational waves,

pe = 3H3/(87G) is the critical energy density to have

a flat Universe, and the Hubble constant is H, =
100k km/s/Mpc (we adopt the speed of light ¢ = 1).
The source of gravitational wave energy arising from first-
order cosmological PTs is due to bubble collisions and fluid
motion. In Ref. [3], three different processes are consid-
ered, whose different contributions to the total background
must be calculated separately and summed. However,
depending on the dynamics of the phase transition, some
of these processes may provide a negligible contribution to
the entire background and so can be disregarded.

The first contribution is that from the scalar field, ¢,
itself, due to the bubble wall collisions. The second
contribution is from sound waves in the plasma, as the
bubble wall sweeps through the surrounding fluid. The
final contribution is from magneto-hydrodynamic (MHD)
turbulence in the plasma. We denote these three contribu-
tions Q, Qgyw, and Q4 respectively. In general, the total
background is [3]

R Qaw(f) = h*Qu(f) + P Qsw(f) + P Quw(f)-  (5)

The relative importance of these three terms depends on the
dynamics of the PT.
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Following [3], in this study we consider three different
scenarios for the dynamics of the bubble expansion. The
first scenario assumes nonrunaway bubbles whose speed
reaches a relativistic terminal velocity. The second scenario
assumes runaway bubbles which, though expanding in the
plasma, rapidly approach the speed of light. The third
scenario assumes that the phase transition occurs in
vacuum, consequently plasma effects are negligible and
the bubbles expand at the speed of light. Note that the
second scenario is excluded in the context of the electro-
weak symmetry breaking [28]: we therefore apply it here
only for the case of speculative PTs occurring at very high
temperatures, relevant for observations with the CE.

A. Main parameters describing the phase transition

We first briefly review the parameterization used
throughout the rest of the study, following [3], and the
relevant quantities for computing the gravitational wave
background. As usual we define f as the inverse of the time
duration of the phase transition. This quantity determines
the size of the bubbles at the time of collision and therefore
the characteristic frequency at which the GW signal peaks
[2]. For a phase transition taking place at temperature 7',
and ending at time ¢, [2], f is given by [3]

I ds ds

i I I
where I'(7) denotes the nucleation rate and S is the
Euclidean action of a bubble [2]. The last expression is
given by the fact that d7/dt = —TH, where H is the
Hubble parameter [2].

We define T, as the temperature of the thermal bath at
the time 7, when gravitational waves are produced. A key
parameter controlling the gravitational wave spectrum is
p/H,, where H, is the Hubble parameter at T, .

Another key parameter is a, the ratio of the latent heat
released during the phase transition to that of the radiation
bath. It is given by [2]

Pvac
a= s 7
Prad (Tn) ( )

where p.q(T,) = g,#°T+/30 and g, is the number of
relativistic degrees of freedom in the plasma at temperature
T, [3].

B. Case 1: Nonrunaway bubbles

The first phase transition scenario considers nonrunaway
bubbles, which expand in the plasma and reach a terminal
velocity »,, that is less than the speed of light. In this case,
there are no large reheating effects and so 7, ~ T, [3].
There are two contributions to the gravitational wave
spectrum that should be considered, due to sound waves

and magnetohydrodynamic turbulence in the plasma after
the bubbles have collided [3]

hQew (f) & h*Qsw (f) + Qi (f)- (8)

Gravitational waves from the scalar field play a negligible
contribution in this case [9,29,30].

Sound waves are generated by the bubble growth, and
propagate through the plasma after the transition has
completed [9,29,30]. A model covering all relevant values
of v,, and « is unavailable; however, simulations in [29,30]
give insights into the possible frequency dependence of the
sound wave GW spectrum. We follow [3] which adopts the
spectral shape

st = () (ersormy) - ©

where the observed frequency f is related to the source
frequency f, by f = f,/(1 + z). The overall scale of the
sound wave peak frequency fsw is fsw, = 1.156/v,, a
conservative estimate that agrees with the above spectral
shape [3]. The peak frequency fqw of the observed
gravitational wave spectrum is given by

o fSW.s _ fSW.s ﬁ
ot (B (8) g

where h, is the value of the inverse Hubble time at GW
production redshifted to today

h,=

B o 165%107 miz (1 6. ¢ (11)
14z M\ 100Gev ) \100) -

Finally, results from [29] are fitted reasonably by the
following gravitational wave spectrum

5 - o (HO\ [k \?(100\3
o =2ss 04 (5) () ()

X Ustw(f)’ (12)

where k, = p,/pyac 18 the fraction of vacuum energy that
gets converted into bulk motion of the fluid. In the limits of
large v,,, k, is approximately given by [31]

K, ~ a(0.73 + 0.083v/a + )™ (13)

In addition to sound waves, bubble percolation can also
cause turbulence in the plasma, and in particular MHD
turbulence since the plasma is ionized. For the GW signal
from MHD turbulence, we adopt the spectral shape found
analytically in [32] given by [3]
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B (f/fturb)3
Sturb(f) = [1 + (f/fturb)]ll/3(l + Sﬂf/h*) (14)

Like the sound wave case, the peak frequency for the
gravitational wave spectrum depends on the bubble size at
the end of the transition and is given by fuuns = 1.756/v,,
[3,32]. Finally, the total contribution to the gravitational
wave spectrum can be modeled as [32]

H,\ [Kkypa\? /100\}
h2Q =335 x 1074 =2 ) ( 2=
=335 107 () () 1

X vaturb(f)7 (15)

where the factor k4, = €k, represents the fraction of the
bulk motion that is turbulent.

C. Case 2: Runaway bubbles in plasma

The second case we consider is runaway bubbles in
plasma, for which the bubble wall velocity v,, approaches
the speed of light. This scenario for the bubble expansion is
not realized in the context of the electroweak PT [28], but it
is in principle allowed in potential phase transitions
occurring at higher temperature, which must be considered
in the present analysis since they are relevant for the CE, as
we will see. In this case, the contribution to the spectrum
from the scalar field must be added to that from sound
waves and turbulence [3].

R Qew(f) = B*Qy(f) + W Qsw + I*Qu,.  (16)

Numerical simulations have been done to determine the
contribution to the gravitational wave signal from the scalar
field in [33], and the spectral shape of the gravitational
wave spectrum is given by

5,() = U1

L+ 28(f/fp)> (17)

The peak frequency from the scalar field is f,, =

0.624/(1.8 — 0.1v,, + v2) [3,33]. Fits to simulation data
give the total contribution to the gravitational wave
spectrum as [3,33]

) L (HN\2 ([ kpa \2 100\ }
h29¢(f)_1,67x10 5(7) <1+a> (9*)

0.11v3
« (m) Sy(1). (18)

where the parameter k;, = p;/py, is the fraction of vacuum
energy that gets converted into energy of the scalar field.
For this case, it is necessary to define a new parameter o,
as the minimum value of « such that bubbles run away [31].

For a > a,, the contribution of the scalar field to the
gravitational wave background is parametrized by [31]

(04
=1-=2>0 19
K¢ P (19)

In this expression, a,/a is the fraction of the total energy
that goes into bulk motion (x,) and thermal energy (Kperm);
the amount of this energy that goes into bulk motion is
given by [31]

== 20
where K, is computed similarly to Eq. (13) as [31]

Koo % Aoy (0.73 + 0.083/am + g, ) ! (21)

D. Case 3: Runaway bubbles in vacuum

The final case we consider is runaway bubbles in a
vacuum dominated epoch, for which one only needs to
consider the contribution to the spectrum from the scalar
field and not from sound waves or turbulence, as those
contributions are only applicable in plasma [3]

W*Qaw (f) ~ h*Qy(f)- (22)

The spectral shape of the gravitational wave spectrum is
given by Eq. (17). Furthermore, since T, goes to 0, the
parameter a approaches infinity and therefore drops out of
the expression for Qgw (f). In this limit, the total contribu-
tion to the gravitational wave spectrum is therefore [3,33]

Q,(f) = 1.67 x 107 <%>2<100>5

Gx

< (), 23)

0.42 + 02,

The computed gravitational-wave backgrounds for cer-
tain points in the parameter space of each phase transition
case are shown in Fig. 2, along with the sensitivity curves
for LISA and Cosmic Explorer, assuming 1 year of
exposure. For Cosmic Explorer, we assume two detectors
are built at locations yielding the same overlap reduction
function as for the two LIGO detectors. These figures
provide an estimate of whether the selected models produce
a spectrum that is large enough for detection in the
frequency bands of LISA or Cosmic Explorer or both.
In general, one expects that a spectrum rising well above a
sensitivity curve should be detectable by the corresponding
detector. Similarly, a spectrum well below a sensitivity
curve is likely undetectable by that detector.
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FIG. 2. These plots show the total gravitational wave spectrum for specific points in the parameter space along with time integrated
sensitivity curves for LISA and Cosmic Explorer (assuming 1 year of integration time). For the first and third plots, the point in the
parameter space (respectively (a, f/H,) and f/H, alone) corresponding to the parameter values indicated in the title of each plot, is
computed for three different temperatures (corresponding to the yellow, purple, and green curves). The middle plot shows indicated
points of interest in the parameter space of Cases 1 and 2 at 7', = 100000 GeV. These points are shown by the blue diamonds in Figs. 3

and 4.

IV. ANALYSIS METHODS

In this section, we consider how to assess our ability to
detect the gravitational wave background from first order
PTs. We desire the analysis to be independent of any
specific phase transition model, so relevant parameter
values vary freely.

The three phase transition scenarios must be considered
independently, as they have different gravitational wave
spectra. For the case of runaway bubbles in vacuum
(Case 3), there are only two parameters to be considered-
p/H, and T,. All other parameters are irrelevant at
maximal bubble wall velocity and without plasma effects.

For nonrunaway bubbles in plasma (Case 1), however,
there are five parameters that may be varied: §/H,, T,, a,
v,,, and €. The bubble wall velocity v,, is model dependent
but, as done in [3], we chose to fix this parameter to be
v, = 0.95¢ since lower wall velocities produce less
observable gravitational radiation. The fraction of bulk
motion that is turbulent, represented by the parameter e, is
also model dependent (and not yet fully understood). We
set ¢ = 1, corresponding to equal amount of kinetic energy
in the sound waves and turbulent fluid motions: a plausible
value for the case of strong enough PTs. The three
remaining parameters, a, f/H,, and T, are related but
again cannot be specified without choosing a phase
transition model. As done in previous analyses these are
the parameters we chose to vary: specifically, we analyze
the a — B/H, space for several values of T, [2,3,34].

For runaway bubbles in plasma (Case 2), the situation is
similar. In this case, the five parameters to be considered are
p/H,, T,, a, ay, and €. The value of a, is again model
dependent. We choose to fix it to a, = 0.1, a value
considered also in [3]. In addition, in the context of case 2
we fix the temperature to T, = 10° GeV, corresponding to
an unknown PT at high temperature for which the presence
of runaway bubbles in the plasma cannot be excluded. We

then analyze the a — 3/ H,, space for these parameter values
just as for Case 1.

We scan the two-dimensional parameter space and
compute the total SGWB at 2500 points. Then at each
point we use the projected sensitivities for LISA and
Cosmic Explorer to evaluate whether the parameter values
at the point describe a gravitational wave background that
should be detectable by LISA or CE. We also determine the
possibility of detection with the sensitivity of both detectors
operating simultaneously.

A. Likelihood analysis

To analyze whether a point in the parameter space was in
a detectable region, we considered two analysis methods.
The first is a Bayesian likelihood analysis. We first define a
projected sensitivity Qg.,., Which is related to the sky
averaged sensitivity seen in Eq. (3) by [26]

(24)

Inspired by similar analyses performed by LIGO [35], we
then define the following likelihood function for each point
in the parameter space

Lo TH2Qew(a. B/ H, . T, . f)>?
log(L(a.p/H,.T,)) =~ > [ G;Vh(fszﬂs/ (f)? .

S=Ffmin
(25)

where h*Qgy is the calculated GW signal and 7 is the
duration of the mission, assumed to be one year for this
study. The summation over frequency runs over either the
LISA frequency band, CE frequency band, or frequency
band of both for evaluation of the combined sensitivity of
both detectors operating simultaneously.
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We assume uniform priors in input parameters
a,p/H,,T,, implying that the Bayesian posterior distri-
bution in these parameters is equal to the likelihood
function defined above. We define a set of contours labeled
by Z, for which the posterior is equal to Z. We then define
the fraction of the total posterior probability contained
within each contour,

fL(a.[i/H,.T,)>Z L(a,p/H,,T,)dad(p/H,)dT

P(Z) = [L(a,p/H,,T,)dad(/H,)dT

(26)

and identify the 95% confidence contour as the one for
which P(Z) = 0.95.

B. SNR analysis

In addition to the Bayesian likelihood analysis, we also
considered a second method of analysis involving comput-
ing an SNR. Using the projected sensitivities of LISA and
Cosmic Explorer, we consider the signal-to-noise ratio at
each point of the parameter space [3]

SNR(a, §/H,.T,)

\/ /fm
If the SNR value is greater than a threshold value SNRy,,,
then the signal at that point is detectable. Contours are
made outlining all points in this detectable region.
Equations (25) and (27) are in appearance very similar.
In fact, the likelihood computation is analogous to doing
the SNR calculation using a value of SNR,, = 2. However,
due to the differences in the way contours are computed,
and in particular the fact that the likelihood is defined over a
uniform prior on the parameters {a,/H,,T,} which are
nonlinearly related to Qgw(f), they will produce slightly
different results. In choosing a value of SNRy,,, we first
follow [3] and consider a value of SNRy,, = 10, and then
compute contours for SNRy,, = 2 for appropriate compari-
son to the likelihood analysis. Discrepancies between our
calculations and those done in [3] for LISA are due to using
a different value of e along with using the most recent LISA
sensitivity curves.

hZQGw(a, ﬂ/H*, T,, f)2
thSens(f)2

(27)

V. RESULTS AND DISCUSSION

Results of our analysis can be seen in Figs. 3 and 4.
Figure 3 shows the analysis of five temperature values for
Case 1, while Fig. 4 shows the analysis done for cases 2 and
3. The shaded regions correspond to the SNR analysis done
for SNRy,, = 10. The light gray shaded regions are regions
accessible to LISA, the black shaded regions are accessible
to Cosmic Explorer, and the dark gray shaded regions are
accessible to both operating separately. The gray dotted line

shows the accessible region for both detectors operating
simultaneously. The red dotted line shows the joint acces-
sibility computed for SNRy,, = 2, and the solid red line
denotes the joint accessibility likelihood curve.

Having both detectors operating allows wide access to
many different regions of the parameter space that would be
out of range of just one. For Cases 1 and 2, LISA is more
sensitive to lower values of the parameter f/H, while
Cosmic Explorer is sensitive to higher values, allowing
much of the chosen range of f/H, to be accessible at
higher values in the chosen range of a. Additionally, the
contours for Cases 1 and 3 show that while LISA is more
sensitive to the background at lower temperatures, Cosmic
Explorer allows better sensitivity at higher temperatures.
These results can be understood by the fact that in general,
higher temperature and f/H, values shift the gravitational
wave spectrum to higher frequencies, being stronger in the
regions accessible to next-generation terrestrial detectors
rather than LISA.

Having regions of the parameter space accessible to both
CE and LISA provides additional advantages in regards to
constraining the spectrum. A joint detection in multiple
frequency bands would be a major discovery, allowing
better estimates of model parameters than would be
possible with each detector separately. Similarly, a discov-
ery by only one of the detectors would rule out corre-
sponding areas of the parameter space.

It is evident that the method used for analysis has an
impact on the computed detectable region, and therefore it
is relevant to consider both. The likelihood analysis
computes the greatest accessible region, while the SNR
curves compute a smaller accessible region of the param-
eter space. However, the value of SNRy,, chosen also has an
impact; for SNRy,, = 2 the curve is closer to the likelihood
curve then for SNRy,, = 10.

The 95% confidence likelihood curves should corre-
spond to the analysis done for SNRy,, = 2, because both are
calculating 26 confidence regions. However, it is evident
from the plots that the curves are not the same. For the
likelihood analysis, probabilities are calculated on levels of
a normalized likelihood curve and contours are made at the
level Z for which 95% of the summed likelihood is above
Z. These levels do not necessarily correspond to a constant
SNR along the contours because the prior on these values is
flat in the parameters a, #/H, and T, rather than in Qgy.
For the SNR calculation, each individual point in the
parameter space is considered for whether it exceeds the
threshold SNR value, so it is ultimately a different
calculation that yields a slightly different result. The shaded
regions, corresponding to SNR = 10, identify parts of the
parameter space where a detection with strong significance
could be made based on the criteria outlined in this paper.
The 95% contours based on the likelihood model show
where we would expect to be able to place 95% upper limits
in the absence of a detection. Backgrounds in between the

103508-6



MULTIWAVELENGTH OBSERVATIONS OF COSMOLOGICAL ...

PHYS. REV. D 98, 103508 (2018)
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Shown here are five contour plots denoting different temperatures for Case 1. Shaded regions correspond to the total parameter

space accessible to LISA, CE, or both, for the SNR analysis done with SNRy,, = 10. The gray dotted line is the joint accessibility SNR
curve for SNRy,, = 10. The red dotted line is the joint SNR curve for SNRy,, = 2. Finally, the joint likelihood analysis curve is also
shown for comparison to SNRy,, = 2. Blue diamonds denote model choices whose spectra are shown in Figure 2. The circles show

benchmark points from various PT scenarios, taken from [3].

95% upper limit and a strong detection would lead to a
marginally detected signal; by integrating for a longer
period of time, the confidence in signals would increase.

Finally, it is worth considering what these plots can tell us
about detection possibilities for the gravitational wave signal
from specific phase transition models. Extensions of the
standard model that predict first order phase transitions at the
electroweak scale are widely studied in the literature, some
examples are supersymmetry (see, e.g., [36]), Higgs doublet
models (see, e.g., [37]), and higher dimensional operators
(see, e.g., [33]). Other scenarios beyond the electroweak

scale that predict phase transitions include an additional
boson field [38,39] or a dark matter scenario [40].

The work done in [3] analyzed the detectability of
specific benchmark points in the parameter space illustrat-
ing models considered in other studies. We include some of
these points in Figs. 3 and 4 as well, shown by the colored
circles in the contour plots. For Case 1, the temperature of
the points is approximated to place it in a specific contour
plot. As found in [3], we confirm here that many of these
points are in the accessible region of LISA, which may then
provide valuable insight into new physics.
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FIG. 4. Shown here are contour plots for Cases 2 and 3. Note that Case 2, in which the scalar field plays a role, is plotted only for
a > a.. Similar notation for the curves and shaded regions is used as in Figure 3.

In summary, we have seen how having both LISA and
Cosmic Explorer together allows for wide detection pos-
sibilities for the gravitational wave background arising
from phase transitions, as these detectors can probe
complementary regions of the parameter space. We have
used two different analysis methods to assess the detect-
ability and stress that neither one necessarily provides
the “correct answer” but that both should be considered
and compared. The regions of the parameter space

accessible to LISA and Cosmic Explorer include many
predicted early universe models, opening up unique pos-
sibilities to study the early universe with gravitational wave
observations.
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