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Abstract

We investigate the potential for observing gravitational waves from cosmological

phase transitions with LISA in light of recent theoretical and experimental develop-

ments. Our analysis is based on current state-of-the-art simulations of sound waves in

the cosmic uid after the phase transition completes. We discuss the various sources of

gravitational radiation, the underlying parameters describing the phase transition and

a variety of viable particle physics models in this context, clarifying common miscon-

ceptions that appear in the literature and identifying open questions requiring future

study. We also present a web-based tool, PTPlot, that allows users to obtain up-to-date

detection prospects for a given set of phase transition parameters at LISA.
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1 Introduction

The direct observation of gravitational waves (GWs) by the LIGO collaboration [1] has ush-

ered in a new era of GW astronomy. In addition to observing gravitational radiation from

astrophysical sources, GW interferometers provide direct access to the physics of the early

Universe. Little is known about the cosmic epoch after reheating and prior to Big Bang

nucleosynthesis (BBN) as there are few observables directly or indirectly sensitive to this era.

However, while opaque to light before photon decoupling, the early Universe was transparent

to GWs. This allows for the exciting possibility of probing the pre-BBN Universe for the �rst

time using GW experiments.

First-order cosmological phase transitions (PTs) provide a particularly compelling source

of GWs in the early Universe. At a �rst-order cosmological PT, bubbles of a new phase

begin to nucleate and expand as the Universe cools. The region inside the bubbles contains

the new phase, typically characterized by a vacuum expectation value (VEV) of a scalar

�eld that di�ers from its value outside the bubbles. The collision of the bubbles and the

resulting motion of the ambient cosmic uid sources a stochastic GW background that can

be observable at GW interferometers. In the Standard Model (SM) of particle physics, a

PT could in principle have occurred when either the electroweak (EW) gauge symmetry or

the approximate chiral symmetry of QCD were spontaneously broken in the early Universe.

Given the mass of the Higgs boson, it is known that the EW symmetry is broken at a cross-

over in the SM [2, 3]. Likewise, absent large quark chemical potentials in the early Universe,

the QCD PT of the SM is known not to be �rst-order [4]. However, many compelling and

well-motivated extensions of the SM predict strong �rst-order cosmic PTs at the EW scale

and beyond.

First order PTs associated with the EW to multi{TeV scales typically predict a stochastic

background peaking at frequencies accessible by the Laser Interferometer Space Antenna

(LISA) [5]. These scales are particularly interesting as they are often thought to harbor new

physics related to e.g. the hierarchy problem, dark matter (DM), or baryogenesis. Searching

for a stochastic GW background from physics beyond the Standard Model (BSM) will be an

important science goal of the LISA mission. In doing so, LISA will provide an powerful probe

of new physics that complements collider and other experimental tests of these scenarios.

LISA has been selected by the European Space Agency as one of its agship missions, and

is currently in the planning stages, with an expected launch in the early 2030s. It is thus

important and timely to study the science case for LISA as thoroughly and accurately as

possible, including its prospects for detecting a stochastic GW background from cosmic PTs.

Several important steps are required to accurately predict the GW signal arising from

a cosmological PT in a given particle physics model at LISA (and other GW experiments).

Schematically, a typical analysis proceeds as illustrated in Fig. 1. First, one speci�es the

�eld content and Lagrangian of a given particle physics model. From this information, the

phase structure of the theory can be analyzed at �nite temperature. If the model admits

a �rst-order PT, the �nite temperature e�ective action can be used to compute the Hubble

2



PT parameters

Effective action → β, H∗

Energy budget → α, κ(α, vw)

Bubble wall dynamics → vw

GW power spectrum

Numerical simulations →
h2ΩGW(f ;H∗, α, β, vw)

LISA sensitivity

Configuration + noise level →
h2Ωsens(f)

Particle
physics model

Signal-to-noise ratio
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Fig. 1, and, in cases where there remains some ambiguity or lack of concrete results, suggest

how to proceed. We will then apply these results to speci�c models to present up-to-date

prospects for detection of a corresponding stochastic GW background at LISA. We primarily

focus on GWs produced by sound waves, thought to be the dominant source in most cases

of interest as discussed further below (for an overview of other possible sources we refer the

reader to our previous study [8]). We will show that, in its current incarnation, LISA will

provide a powerful probe of cosmic PTs in many well-motivated extensions of the SM. Given

the recent progress reected in this work, our study should be understood as an update to

our previous publication [8]. The results presented here can also be used to study GWs from

cosmic PTs at other GW experiments.

Given that there remain several open questions related to determining the stochastic GW

power spectrum from �rst-order cosmological PTs, and that the LISA mission details have

not yet been �nalized, predictions for the detectability of a given model at LISA may change

somewhat over the coming years. To assist the community in performing up-to-date analyses,

we introduce a web-based tool, PTPlot, that allows users to determine whether GWs from

a PT in a given model can be detected by LISA. This tool will be updated periodically to

reect predictions from the most state-of-the art simulations of GW generation at PTs, and

feature up-to-date sensitivity curves for the LISA experiment.

This remainder of work is structured as follows. In Sec. 2 we discuss preliminaries such as

the characteristics of the PT (typical bubble size, energy budget, wall velocity). In Sec. 3 we

explain our assumptions regarding the GW spectrum that accounts only for sound shells as

seen in simulations. Next, in Sec. 4 we present the tool PTPlot and describe its usage. The

computation of the PT parameters in speci�c models, along with the related uncertainties,

are discussed in Sec. 5, with some further details provided in Appendix A. Finally, we present

the prospects for observing the stochastic background in concrete BSM scenarios in Sec. 6.

We conclude in Sec. 7

2 Preliminaries: phase transition dynamics and param-

eters (H�; �; �; vw)

In this section, we discuss preliminaries for the determination of the GW power spectrum.

In particular, we review the properties of cosmological PTs relevant for GW production.

The focus is on open questions and recent developments in the literature rather than on

an introductory explanation of the material. For a more pedagogical treatment see [8]. In

general, the signal is a sum of contributions originating from distinct sources: the scalar �eld

(bubble wall) kinetic energy, the sound waves from the bulk uid, and turbulent motion. As

will be argued below, in this paper we will eventually estimate the GW signal coming from

sound waves only, to be conservative.
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2.1 Bubble nucleation and PT duration

GW production at a �rst order PT in the early Universe principally depends on four param-

eters, which determine the length scale, amplitude, and lifetime of the shear stress perturba-

tions.

At a �rst-order PT, the Universe is trapped in a metastable state. It can escape either

by thermal uctuation or by quantum tunneling; in either case the escape route is via the

appearance of spherical bubbles of the stable phase with a microscopic critical radius Rc.

The bubbles are nucleated at a rate per unit volume P , which depends exponentially on the

critical bubble action7 Sc:

P = A(t)e�Sc(t): (1)

The collisions of the bubbles, and the subsequent uid ows, produce the shear stresses which

source GWs.

In the thermal case, the high-temperature phase becomes metastable at a critical temper-

ature Tc. Below Tc the bubble action decreases from in�nity and the nucleation probability

increases rapidly. The rate of increase, de�ned as

�(T ) =
d

dt
lnP(T ) ; (2)

is an important quantity, as we will explain below. It is a very good approximation to take

�(T ) = �dSc=dt.

When the bubbles appear they grow due to a pressure di�erence �p between the interior

and exterior, which is non-zero below the critical temperature. The onset of the PT is char-

acterized by the nucleation of one bubble per horizon volume on average, which corresponds

roughly to

Sc ' 140 (3)

for EW-scale transitions. As the bubbles grow and more appear, the fraction of the Universe in

the metastable phase decreases extremely rapidly [9], leading to bubble percolation for the PT

to successfully complete. While the nucleation rate increases, the volume into which bubbles

are nucleating decreases, and so the volume averaged nucleation rate reaches a maximum.

The estimate (3) can be improved by taking the precise value of the functional determinant

A(t) and the expansion velocity of the bubbles into account. However, for EW baryogenesis

and the production of GWs, the time of percolation is more relevant than the onset of the

PT. The criteria for the onset of the transition [10, 11] and the end of the PT (which should

more or less coincide with the time of percolation) in a radiation-dominated epoch generally

7This is the action for the smallest possible bubble able to expand. The word \critical" here is unrelated

to the critical temperature Tc de�ned below, which is the temperature below which bubble nucleation can

occur.

5



read

Sc(onset) ' 141 + log(A=T 4)� 4 log

�
T

100 GeV

�
� log

�
�=H

100

�
; (4)

Sc(percolation) ' 131 + log(A=T 4)� 4 log

�
T

100 GeV

�
� 4 log

�
�=H

100

�
+ 3 log(vw) : (5)

Here H denotes the Hubble parameter and the prefactor A(t) for the electroweak phase

transition (EWPT) turns out to be log(A=T 4) ' �14 [12]. For moderately strong PTs, we

do not need to distinguish between the Hubble parameter at the nucleation temperature Tn

(Hn, de�ned by solving (4)) and the Hubble parameter during percolation (H�, de�ned by

solving (5)) as their values are very similar.

In some cases, the percolation temperature T� determined from (5) can lie signi�cantly

below the PT critical temperature Tc (when the original phase becomes metastable). In this

strong supercooling regime, the vacuum energy di�erence between the phases can come to

dominate the energy density of the Universe. This modi�es the percolation criterion above

and in some cases makes it di�cult for the PT to complete (models with non-polynomial

potentials are an important exception, as discussed in Sec. 6.5 and 6.6). In a given model

predicting strongly supercooled transitions, it should therefore be veri�ed that percolation

does indeed occur, by e.g. comparing the predicted percolation temperature from (5) and

that for which the Universe becomes vacuum energy dominated.

The �rst two important parameters for GW production at a thermal PT are then the

percolation temperature T� (or better, the Hubble rate at percolation, H�), and the nucle-

ation rate parameter at this temperature, which we call � without indicating a temperature

argument. This nucleation rate parameter ultimately determines the mean bubble separation.

Several possible bubble expansion modes exist (see e.g. [13]) depending on the value of the

bubble wall velocity vw. For bubbles expanding as detonations, the typical separation between

bubbles is set by the wall velocity vw. For bubbles expanding as deagrations (vw < cs, where

cs denotes the speed of sound in the plasma), the reheating of the plasma by the reaction

front can suppress further bubble formation for large enough �. The mean bubble separation

should be corrected to account for this e�ect. In what follows we therefore estimate the mean

bubble separation as

R� =
(8�)

1
3

�
Max(vw; cs) : (6)

where for deagrations we have simply replaced vw by cs as the relevant speed. Careful

de�nition of R� is important, since features (such as sound shells) of size R� are expected to

carry the majority of the energy of the transition. Further re�nement of (6) would allow for

more accurate predictions in the case of deagrations and warrants future investigation.

Note that in the case of very slow PTs occurring for tuned polynomial potentials [14{17],

when �=H� becomes of order unity, (6) breaks down and the mean bubble separation at

percolation R� must be calculated directly from �rst principles [11, 17], rather than via (6).
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2.2 The energy budget

The next relevant parameter is the amount of vacuum energy released by the PT, which is

then transferred into kinetic energy [13, 18]. We always assume that the total energy density

of the Universe e consists of two main components: radiation energy and vacuum energy from

the scalar �eld potential. The kinetic energy fraction can be estimated from the study of the

self-similar ows around expanding bubbles. The kinetic energy in the uid as a fraction of

the total energy originally contained in the bubble is

K =
3

e v3
w

Z
w(�) v22�2d� ; (7)

where v = v(�) is the uid velocity and w = e+ p is the enthalpy of the uid and � = r=t the

coordinate of the self-similar solution. The fraction K for one bubble is a good estimate of

the average for the whole uid once the bubbles have collided, at least for small fractions [19].

Since the uid velocity v(�) and enthalpy w(�) depend on both the wall speed vw and the

strength of the PT (whose precise de�nition we discuss below), the one-bubble kinetic energy

fraction depends on these parameters too.

To simplify matters, many analyses use the bag model. In this model, pressure and energy

density in the plasma are given as

p+ =
1

3
a+T

4 + � ; e+ = a+T
4 � � ;

p� =
1

3
a�T

4 ; e� = a�T
4 ; (8)

where a� encode the number of relativistic degrees of freedom in the plasma in the symmetric

(+) and broken (�) phases, and � is the so-called bag constant parametrizing the jump

in energy density and pressure across the phase boundary. In the bag model, the relative

importance of the bag constant to the thermal energy can be used to parameterize the strength

of the PT, with a strength parameter � de�ned as

� =
�

a+T 4
: (9)

This is the de�nition of � which is being used in most of the literature and which is very

easy to compute in a given particle physics model where � corresponds to the potential energy

di�erence between the metastable and true minima. The kinetic energy fraction is then often

given in terms of an e�ciency factor [13, 18] by normalizing it to the bag constant,

� =
3

� v3
w

Z
w(�) v22�2d� : (10)

The kinetic energy fraction is then

K =
��

1 + �
: (11)

Fits to � as a function of � and vw are given in [13].

7



This leaves the question how the analysis in a concrete model can be linked to the cal-

culation of the energy budget above (that uses the bag equation of state). A more general

de�nition, not speci�c to the bag model, notes that the bag constant is related to the trace

of the energy momentum tensor � = (e � 3p)=4, and the thermal energy density (i.e. the

energy density excluding the bag constant) is given in terms of the enthalpy, 3w=4 [20]. This

motivates the more general de�nition

�� �
4

3

��(Tn)

w+(Tn)
; (12)

where � denotes the di�erence between broken and symmetric phase. The de�nition of � is

partly a matter of convention, and having chosen the convention, the e�ciency parameter �

can always be de�ned so that the kinetic energy fraction is given by (11).

Another reasonable choice to match a concrete model to the bag equation of state is the

di�erence in energy between the two phases, �e(Tn), that is the natural input parameter

when studying the energy budget of the PT [13]

�e �
4

3

�e(Tn)

w+(Tn)
: (13)

Before the advent of full hydrodynamic simulations, this de�nition was most commonly used

to quantify the amount of kinetic energy in bulk motion, since it allowed to easily connect

the energy budget calculation to results from the envelope approximation8. For strong PTs

(i.e. � & 1), �e and �� are very similar since the zero temperature potential will dominate

the energy density and free energy, thus � � �� � �e. For weak PTs, the pressure di�erence

will be rather small and the energy di�erence �e will be roughly four times the trace ��.

Therefore, the de�nition (13) tends to overestimate the kinetic energy in this regime.

However, the bag model (8) is rather crude, and in principle an analysis along the lines

of [13,18] is required in every speci�c model, using the equation of state evaluated in a better

approximation, such as the high temperature expansion. Such analyses are currently lacking9.

However, at the current state of knowledge of the GW power spectrum, an evaluation of �

from the e�ective potential and (12), and using the �tting functions for � in [13] is su�cient

for estimating the GW signal of particle physics models. In what follows we use (12), dropping

the � subscript in our notation.

2.3 The wall speed

The last important ingredient in the prediction of the GW spectrum is the bubble wall velocity,

vw. This is the speed of the phase interface after nucleation in the rest frame of the plasma

far from the wall. The velocity is particularly important since it impacts the energy budget

8Notice that the quantity �e is often called latent heat even though technically the latent heat is a

di�erence in enthalpy, L = �w(Tc).
9A general feature expected in more realistic models is that the speed of sound is smaller in the broken

phase; see [21] for calculations of � in this case.
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of the PT [13]. Generally, a small wall velocity will limit the prospects for observing a GW

signal regardless of the details of the GW production mechanism.

Determining the wall velocity is one of the more involved aspects of PT calculations.

While many quantities entering the energy budget can be determined by equilibrium or hy-

drodynamic considerations, the wall velocity requires an out-of-equilibrium calculation. This

is done using a combination of Boltzmann and scalar �eld equations [10, 22{24]. The actual

calculation depends on the scalar sector of the theory under consideration as well as the parti-

cles that obtain masses through their coupling to one of the scalars. Due to the dependence on

the scalar sector and speci�c particle content, scenarios must be treated on a model-by-model

basis.

Recently, a more model independent approach was presented in [25] which applies to

transitions where the scalar �eld undergoing the transition is identi�ed with the SM Higgs

�eld, which drives the bubble expansion and experiences the majority of the friction. The

approach is based on using the criterion from bubble nucleation to reduce the number of

relevant parameters of the bubble wall velocity to two, namely the pressure di�erence in units

of the Higgs VEV, �V=�4
0, and the strength of the PT, � = �0=T . Most wall velocities in our

models section do not yet apply these recent results.

Another limit where the bubble wall velocities can be more easily inferred are very strong

PTs. Since our last report on PTs [8], a signi�cant new result has appeared related to the

calculation of the wall speed in the relativistic regime [26], which prompts a reanalysis of the

GW power spectrum for very strong PTs.

The original analysis [27] performed a leading order evaluation of the friction on a PT

bubble wall moving at ultrarelativistic speeds  =
p

1� v2
w � 1, and showed that the

pressure due to the ux of particles crossing the bubble wall saturates as  ! 1. In the

reference frame of the bubble wall, this can be understood from the interplay of the density of

incoming particles /  T 3, and the mean momentum transfer per particle �m2=(2E) / �1.

For N degrees of freedom, the maximal pressure di�erence is then given by [27]

�pfr = �m2 N

Z
d3p

(2�)3

f(p)

2Ep
� �m2 N T 2 ; (14)

where �m2 denotes the change of mass across the bubble wall, f(p) is the particle distribution

function at equilibrium, and Ep is the energy of a particle with momentum p. This coincides

with the leading mean-�eld contribution to the e�ective potential, and so runaway behavior

is possible if the free energy in the low-temperature phase exceeds that in the metastable

phase in the mean-�eld approximation [27]. If this criterion is met, the wall will keep on

accelerating to highly relativistic velocities.

In the original work [27] it was noted that higher order e�ects could change this picture.

Such e�ects have been recently discussed in [26], the most relevant being particle production

when masses or interaction strengths change across the phase boundary. These processes are

analogous to transition radiation in electrodynamics.

For the EWPT (and in general, for the spontaneous breaking of a gauge symmetry)
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the dominant friction contribution at highly relativistic bubble wall velocities comes from

transition radiation of gauge bosons acquiring mass at the interface, and scales as

�pfr �  �wN
0�mT 3 ; (15)

with �w = g2=(4�) the corresponding gauge coupling and N 0 the number of species partic-

ipating in the transition radiation. As a result, many models that were believed to exhibit

runaway behavior will actually develop a �nite wall velocity, with s � (N 0�w)�1. This has

important implications for the GW spectrum from the PT, since it implies that the dominant

fraction of the latent heat will be transformed into bulk ow of the plasma and not into

kinetic energy of the Higgs �eld. This follows from the fact that, once the bubble wall reaches

a terminal velocity, the energy stored in kinetic/gradient energy at the wall only grows like

R2 (where R is the radius of the bubble), while the energy in the plasma grows like R3.

Thus the GW power spectrum is primarily sourced by sound waves from bubbles producing

a self-similar radial ow with vw ' 1 in a much larger class of PTs than previously appreciated.

There are nevertheless two scenarios where the above picture becomes more complicated, and

which may lead to much larger values of  and even to runaway behavior:

No transition radiation: For scenarios where no gauge �elds are present, as in the sponta-

neous breaking of an (approximate) global symmetry (e.g. in a hidden sector), the dominant

transition radiation/splitting processes may only involve scalars and fermions, resulting in

a friction contribution growing at most like �pfr / log. As a result, the (-independent)

leading order friction term may still provide the dominant contribution in the ultrarelativistic

limit, and runaway behavior could be possible in this case.

Extreme supercooling: When the PT exhibits extreme supercooling, as in the case of

models with (approximate) conformal symmetry (see Secs. 6.5 and 6.6), the temperature of

the plasma at the time of bubble nucleation can be many orders of magnitude smaller than

the energy scale that de�nes the scalar potential, Tn � �m. It would then seem that plasma

friction would play a negligible role on the expansion; however, for this to be the case, the

amount of supercooling is typically required to be extremely large. To see this, we assume in

the following that there is a relatively small number N 0 of particles in the plasma that acquire

a mass �m in the PT and produce transition radiation (notice that this is questionable in

one of the prime examples { the holographic phase transition [28{40] { since there a large

tower of particles will obtain a mass in the transition). The released energy is in this case of

order �m4 (or somewhat larger) and using (15) one �nds that the Lorentz factor increases

until it reaches the steady-state value

s '
�m3

�wT 3
n N

0 � 1 ; (16)

whereupon the self-similar hydrodynamic ow is established around the bubble. At the early

stage of the bubble expansion, the friction from the plasma can be neglected. The Higgs �eld

behaves as in vacuum and the Higgs pro�le is a function of
p
t2 � r2 +R2

c (Rc is the bubble
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size at nucleation and also of order �m�1). This leads to the following relation between

bubble size and its wall velocity

R = Rc � =�m: (17)

The bubble size when friction becomes important Rs has to be compared with the mean

bubble size at collision, R�, which can be no larger than the Hubble parameter during the

PT, H � �m2=mP (with mP the Planck mass). Hence, the bubble wall continues to accelerate

until collision if
Rs

R�
� �m4

�wT 3
nmP N 0

1

HnR�
& 1 : (18)

For example, if the near-conformal behavior of the models described in Secs. 6.5 { 6.6 holds

down to QCD temperatures [36,40], T ' 1 GeV, runaway behavior up to bubble percolation at

the end of the PT requires �m & 10(HnR�N
0)

1
4 TeV, typically corresponding to several orders

of magnitude of supercooling. Below this bound, the bubble wall approaches a steady state

and a �nite but highly relativistic bubble wall velocity. The latent heat is then transformed

mostly into bulk motion. We will assume this is the case in our analysis, in contrast with

our previous study [8] (see also [41] for an extended analysis of the issue). Notice that the

PT strength parameter � scales as � � (�m=Tn)4 !1, while the fraction of energy in bulk

motion K � 2
f (Tn=�m)4 approaches unity [13]. Hence, the Lorentz factor of the uid motion

is of order f � (�m=Tn)2. This challenging regime is so far unexplored by hydrodynamic

simulations and deserves further attention. In addition, the bubble wall velocity in scenarios

of con�ning PTs where a very large number of degrees of freedom acquire a mass across the

bubble wall (see sections 6.5 and 6.6) has never been explored and is an important open

question. Results should therefore be taken with a grain of salt in these cases.

3 Prediction of the Gravitational Wave Signal

3.1 Gravitational waves from bulk uid motion

In this section we review estimates of the GW energy density 
gw generated by a PT occurring

during the radiation era. To obtain the corresponding GW energy density parameter today


gw;0, which is the quantity relevant for LISA, one multiplies 
gw, which is normalised to the

Universe's energy density at production time, by the factor

Fgw;0 = 
;0

�
gs 0

gs �

� 4
3 g�
g0

: (19)

Here 
;0 is the density parameter of photons today, gs � (resp. gs 0) is the e�ective number of

entropic degrees of freedom at production time (resp. today), and g� (resp. g0) is the e�ective

number of relativistic degrees of freedom after the PT during which the GWs are produced

(resp. today). Using the Planck best-�t value H0 = 67:8 � 0:9 km s�1 Mpc�1 [42], and the

FIRAS temperature for the CMB T;0 = 2:725 � 0:002 K [43], setting gs� = g� (true in the
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SM for T > 0:1 MeV), and g0 = 2, gs 0 = 3:91, we have

Fgw;0 = (3:57� 0:05)� 10�5

�
100

g�

� 1
3

: (20)

It was originally thought [18, 44] that GWs were mainly produced by the kinetic energy

of bubble walls during bubble collisions, as this was believed to be the relevant source of

anisotropic stresses in the case of strongly �rst-order PTs. This thinking motivated a widely-

adopted model known as the envelope approximation [45], in which the shear stresses are

considered to be localised in thin shells near the phase boundary, and instantaneously dissipate

as the walls collide. It is now understood that gravitational radiation from the collision

phase is typically swamped by the radiation generated by uid motion in later phases of the

transition, unless there is so little friction from the plasma that the bubble wall runs away (see

Sec. 2.3). In a runaway, most of the available energy at the transition goes into the kinetic

energy of the bubble walls, and gravitational radiation from the collision phase dominates,

although latest numerical simulations show that the shear stresses in the collision region have

a more complex behaviour than envisaged in the envelope approximation [46].

In this paper, we concentrate on the more common case of gravitational radiation gen-

erated by bulk uid motion. In this case, the GW energy density spectrum at the time of

production takes the form (see e.g. [19, 20, 47])


gw � K2 (kLf)
3

Z
dt1
t1

Z
dt2
t2

cos(k(t1 � t2)) ~�(k; t1; t2) : (21)

where 
gw actually denotes d log 
gw(k)=d log k. In the above equation, K is the kinetic

energy fraction of the uid, de�ned to be

K =
hw2v2i

�e
= � �U2

f ; (22)

where w = e + p is the enthalpy, �e is the mean energy density of the uid, v is the spatial

part of the uid 4-velocity, � = �w=�e is the mean adiabatic index, and �U2
f = hw2v2i= �w is

the enthalpy-weighted root mean square (RMS) of v, reducing to the RMS 3-velocity for

non-relativistic ows. For an ultra-relativistic uid, � ' 4=3. The kinetic energy fraction can

be estimated using a hydrodynamic analysis of the expansion of spherical bubbles [13, 18].

Furthermore, in (21), k is the comoving wave-number and Lf denotes the ow length scale, the

scale at which the kinetic energy of the uid motion is maximal: this is set by the mean bubble

separation Lf � R� � vw=�. The double integral comes from the de�nition of the GW energy

density parameter, while cos(k(t1 � t2))=(t1t2) is the Green's function of the GW equation

of motion, assuming that the source is operating during the radiation era with a scale factor

evolving as a / t with respect to the conformal time t (see e.g. the derivation in [48]). Finally,
~�(k; t1; t2) is the unequal time correlator of the normalised uid shear stress. It is convenient

to normalise the spatial part of the uid energy momentum tensor Tij(x; t) = w2vivj as
~Tij = Tij=(�eKL

3=2
f ), leading to the normalised shear stress ~�ij(k; t) = �ijk`

~Tk`(k; t), where
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�ijk` projects the transverse traceless part. The unequal time correlator appearing in (21) is

then de�ned as h~�ij(k; t1)~�ij(q; t2)i = (2�)3�(k� q)~�(k; t1; t2).

Some fairly general considerations dictate the possible scaling of 
gw from (21). One

expects the source to be active for a given time interval �v, which sets the integration range in

(21). Furthermore, the source is expected to decorrelate over an autocorrelation time �c < �v.

If the duration of the source is less than one Hubble time �vH� < 1, the factor (t1t2)�1 in (21)

becomes (H�a�)
2, where a� denotes the scale factor at the bubble collision time. Usually one

then �nds, for k < ��1
c


gw � K2 (kLf)
3 (H��v)(H��c) ~Pgw(k) (�vH� < 1 ; k < ��1

c ) (23)

where ~Pgw(k) parametrizes the dependence on wave-number inherited directly from the source.

For k > ��1
c , the factor H��c becomes H�=k.

If the duration of the source is more than one Hubble time, �vH� > 1, one expects

decorrelation after a time �c < H�1
� , yielding instead


gw � K2 (kLf)
3 (H��c) ~Pgw(k) (�vH� > 1 ; k < ��1

c ) (24)

and again H��c ! H�=k for k > ��1
c . It appears that the e�ective lifetime for GW production

is of order �v ' H�1
� for a source persisting for longer than a Hubble time10. [19, 47, 49].

We will use these scalings above to determine the expected GW energy density from bulk

uid motion. To do so, one must specify the scales entering (23) { (24). Two characteristic

processes of the uid motion source GWs: sound waves (the longitudinal mode) and turbu-

lence (the vortical mode). In considering the dynamics of the uid, there are (at least) three

relevant timescales that determine the lifetime of the bulk motion (see Table 1). These are the

uid autocorrelation time �c, the shock formation time �sh and the turbulence eddy turnover

time �tu. We will discuss these timescales in the following subsection.

3.2 Relevant time scales and scaling of GW energy density

GW power is determined by the kinetic energy fraction in the bulk motion of the plasma K,

the uid autocorrelation time �c, and the time for which the bulk motion lasts �v. As we will

see in the following, the latter scale depends on whether or not shocks develop and turbulence

is produced.

At a �rst-order PT, the expanding bubbles generate compression and rarefaction waves

(i.e. sound) [50], which continue oscillating long after the transition is complete, generating

signi�cant gravitational radiation [19, 20, 51]. This acoustic phase has a lifetime determined

by the generation of shocks [52, 53], which happens on a timescale �sh � Lf= �Uk, where �Uk

10If the source does not decorrelate but remains coherent over its lifetime �v, the above estimates change.

If the lifetime is smaller than one Hubble time, the factor (H∗�v)(H∗�c) in (23) becomes simply (H∗�v)2

for k < �−1v . On the other hand, for a coherent source lasting more than one Hubble time, one �nds


gw � K2 (kLf)
3 log2 [(t∗ + �v)=t∗] ~Pgw(k), where t∗ = 1=(H∗a∗) denotes the initial time of action of the

source. For k > �−1v , the behaviour depends on the details of the source's time dependence [47, 49].
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Symbol Role Approximate expression

��1 PT duration

�c Fluid autocorrelation time Lf=cs (turbulence: �tu)

�sh Shock formation time Lf= �Uk
�tu Eddy turnover time on the scale of the ow Lf= �U?
�v Time for which bulk motion of the uid lasts

H�1
� Hubble time

Table 1: Summary of timescales discussed in the text, approximately arranged by expected

duration.

is the RMS longitudinal velocity associated with the sound waves. The shocks decay by

generating entropy, on the same timescale, setting the lifetime of the acoustic phase. The

autocorrelation time in acoustic production is set by the sound-crossing time of the ow length

scale �c � Lf=cs � R�=cs [54]. Applying these timescales, one �nds for long-lasting acoustic

production (c.f. (24)),


ac
gw / K2 (H�R�=cs) : (25)

For stronger ows with �Uk � H�R�, the lifetime of the sound waves is less than the Hubble

time, since shocks develop within one Hubble time. The GW energy density parameter

becomes (c.f. (23))


ac
gw / K3=2 (H�R�)

2=cs : (26)

To arrive at a corresponding estimate for the contribution from turbulence, one requires

the fraction of kinetic energy converted into vortical motion. Numerical simulations of

intermediate-strength transitions have shown that during the acoustic phase approximately

1-10 % of the bulk motion from the bubble walls is converted into vorticity: this can be

estimated from the ratio �U?= �Uf , given for example in Table II of [19] and Table III of [20].

Meanwhile, transitions featuring deagrations with larger � were recently found to exhibit

more e�cient generation of vortical motion and a suppression of the kinetic energy trans-

ferred to the plasma [55]. Based on the �ndings for detonations and small-� deagrations,

in our last report [8] we set " = K?=K = 0:05. This estimate is accurate at low RMS uid

velocities, �Uf . 0:05, but " is likely larger than 0.05 at higher uid velocities. Moreover, when

shocks develop within a Hubble time their collisions and other non-linear e�ects may also

generate turbulence in the transverse (vortical) component of the uid ow. Nevertheless,

the kinetic energy fraction of the turbulent ow cannot exceed the total kinetic energy frac-

tion in bulk ows of the plasma, setting an upper bound on the total possible contribution to

the GW energy density from turbulence. The relative importance of acoustic and turbulent

GW production depends on how e�ciently turbulent kinetic energy K? is generated from the

decaying sound waves and is a subject of ongoing study.

In addition, several timescales are also relevant for determining the contribution from

turbulence to the GW energy density. The turbulent cascade is expected to set in after one

eddy turnover time at the ow length scale, �tu � Lf= �U?. Afterwards, in the absence of
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stirring, turbulence decays. The net turbulent kinetic energy is dissipated when the Reynolds

number at the ow length scale becomes of order one [52]. In the early Universe uid this

can take several Hubble times, so the turbulence lifetime could in principle satisfy �v �
H�1
� [47]. However, turbulence decorrelates, which e�ectively reduces its lifetime to �v '

H�1
� , as reected in (24). At the integral scale Lf, the autocorrelation time of the turbulent

ow corresponds to one eddy turnover time [56]; it therefore features the same parametric

dependence as the shock appearance time, �tu � Lf= �U?. At smaller scales, the autocorrelation

time is the eddy turn-over time on that scale [56]. Turbulence decorrelation is usually modelled

with a Gaussian functional form [57].

Di�erent approaches to describe turbulent decay adopted in the literature lead to di�erent

parametric dependences for the resulting GW power, as well as di�erent predictions for the

GW power spectrum. [58] considered stationary turbulence with a �xed lifetime, and a scale-

dependent velocity decorrelation time, corresponding to the eddy turn-over time on a given

scale. Reference [49] attempted to include the free-decay, but to guarantee positivity of the

GW power spectrum introduced a \top-hat" modelling of the shear stress two-time correlation

function that sets the autocorrelation time of the shear stresses to the light-crossing time on a

given scale [47,49]. A direct consequence of this assumption is that the GW power spectrum

changes slope at frequencies higher than H�, absent in [58]. This model provides the basis of

the turbulent GW power spectrum used in our last report [8]. More recently, ows with both

compressional and rotational modes, and with both helical and non-helical magnetic �elds,

have been modelled in detail [59]. The new ingredient is the Kraichan sweeping model for

the velocity decorrelation, and a variety of power laws and peak shapes are found depending

on the relative amount of turbulence. The �rst numerical simulations [60] of GW production

by MHD turbulence have produced power spectra which remain to be understood in the

context of the models. There are interesting indications that turbulent ows are less e�cient

at producing GW than sound waves.

The preceding discussion highlights that the turbulence contribution to 
gw is the subject

of ongoing study. Nevertheless, scaling predictions for 
gw can be derived from (24) under

di�erent assumptions. For turbulence lasting longer than the Hubble time at nucleation [47],

setting the autocorrelation time to the eddy turnover time on the characteristic scale of the

ow �c = �tu � R�= �U? yields


tu
gw / K

3=2
? (H�R�): (27)

This scaling is in agreement with the result of [47], adopted in [8]. If, on the other hand, one

neglects the free decay and assumes that the turbulence lifetime is much less than the Hubble

time at nucleation, one has the estimates �v � �c � �tu [47], leading to


tu
gw / K? (H�R�)

2: (28)

We have discussed how the characteristics of the uid dynamics inuence the scaling of

the GW power spectrum amplitude with the relevant uid ow parameters. As presented in

the next section, in the case of GW production from sound waves, the results from numerical
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simulations allow one to also infer the shape of the power spectrum. On the other hand,

further work is required to assess the amplitude and spectral shape from turbulence. In the

remainder of this study we therefore neglect GWs from turbulence altogether, in order to be

conservative in estimating the corresponding GW signals at LISA.

3.3 GW power spectra: numerical simulations

Our expressions for 
gw;0, and in particular its spectral shape, are motivated by large-scale

simulations of bubble collisions and the resulting bulk uid motion. In [19, 20, 51, 61] GW

production from a thermal PT was studied through numerical simulations of a scalar �eld

coupled to a relativistic ideal uid. The best results for the amplitude and spectral shape

of the GW power spectrum come from [19, 20]. While the bubbles in these simulations are

nucleated simultaneously (as opposed to the distribution of bubble sizes expected from a �rst

order PT), it is expected that for a given mean bubble separation R� the results can be used

to infer the results for a given � via (6).

The ansatz below, based on the simulations in [19, 20] and the analytic understanding

in [54, 62], is most reliable when the sound shell surrounding the bubble wall is large. This

means, in turn, that the wall speed must be far from the Chapman-Jouguet speed, in which

case the uid just reaches sonic velocity in the frame of the shock. For deagrations (wall

speed smaller than the speed of sound) this means vw < vCJ = cs, while for detonations (wall

speed faster than the speed of sound) we require vw > vCJ ' cs(1 +
p

2��) so that the uid

ow behind the wall is well away from the speed of sound.

Using (25), for wall speeds away from the Chapman-Jouguet speed, we have

d
gw;0

d ln(f)
= 0:687Fgw;0K

2(H�R�=cs)~
gwC

�
f

fp;0

�
; (29)

where the numerical factor ensures that the total GW power is K2(H�R�=cs)~
gw and Fgw;0 is

given by equation (20). The kinetic energy fraction of the uid K is as de�ned above in (11);

R� can be related to � and vw by (6); ~
gw � 10�2 is numerically obtained from simulations;

and the spectral shape function is

C(s) = s3

�
7

4 + 3s2

� 7
2

(30)

with peak frequency

fp;0 ' 26

�
1

H�R�

�� zp

10

�� T�
100 GeV

�� g�
100

� 1
6
�Hz: (31)

The quantity zp ' 10 is determined from simulations, and accounts for the observed peak

value of kR�. We denote by T� the temperature after the PT. For weak PTs this will coincide

with the nucleation temperature Tn but it can di�er signi�cantly for large supercooling. In the
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end what controls the peak frequency is the Hubble scale. Prior to a PT with large enough

�, the vacuum energy is the main component of the total energy, while after the PT it is the

thermal plasma. Hence the redshifting is related to the (reheat) temperature after the PT,

T�.

When vw � vCJ, the value of zp may di�er from 10: the sound shells are so thin that

they may set a substantially smaller length scale �R� = R�jvw � csj=cs. More importantly,

though, the spectral shape ansatz in (30) fails to describe these scenarios well due to the more

intricate nature of the source, and a more complicated analysis is required [54].

In arriving at (29), the source was assumed to last for �v � 1=H�. An additional modi�-

cation is required, however, if the shock formation timescale is less than a Hubble time, i.e.

H��sh < 1. In this case, the total GW power should be reduced by a factor H��sh = H�R�=K
1=2

to compensate for the appearance of shocks and onset of turbulence (c.f. 26), leading to the

modi�ed expression

d
gw;0

d ln(f)
= 0:687Fgw;0K

3=2(H�R�=
p
cs)

2 ~
gwC

�
f

fp;0

�
: (32)

As emphasized in [17] and below in Sec. 6, most models of interest for LISA predict H��sh < 1,

and so (32) is often the relevant expression. This reduces the size of the GW signal from

sound waves relative to (29), which is typically used in the literature. However, for H��sh < 1

the overall GW signal might receive additional non-negligible contributions from turbulence,

which we do not account for in our study.

In summary, the two key formulae used to derive the results of this paper, in particular

the SNR for LISA detection, are (29) and (32). In the �gures displaying SNR contours, such

as. Fig. 2, the grey-shaded regions will indicate where the shock formation time is longer than

one Hubble time, and therefore where (29) is used. Elsewhere, we use (32).

3.4 GW power spectra: discussion

Where hydrodynamic numerical simulations can be combined with a good physical under-

standing of the uid ows, we can obtain reliable power spectra for the generation of GWs,

corresponding to (29) { (32) above. Still, there are regimes where hydrodynamic numerical

simulations have not (yet) been carried out, or additional production mechanisms occur, the

e�ects of which are currently di�cult to quantify. In the following we comment on these

cases. In the numerical analysis we rely only on the predictions from sound wave simulations

(see Sec. 4). We try to be conservative whenever the simulation results do not immediately

apply.

One such scenario for which (29) { (32) do not necessarily apply consists of strong PTs

with ever accelerating runaway bubble walls. In this case, the envelope approximation or

scalar �eld simulations seem to be the more reliable setup [46]. Even when the bubble walls

do not runaway but approach a highly-relativistic terminal velocity, the expected form of the

GW power spectrum is not clearly settled. Also in this scenario, one could make the case

17



that derivatives of the envelope approximation such as the so-called bulk ow model are more

realistic [63, 64].

Another issue concerns the appearance of turbulence and magnetic �elds. In principle,

turbulence should develop at late times and drain the energy in the sound waves into heat, as

discussed in Sec. 3.2. However, current simulations could not con�rm the onset of turbulent

motion, as for now they analyse the case of low RMS uid velocities and the system is not

evolved for su�cient time to observe the appearance of shocks. As pointed out above, our

understanding of the turbulence contribution to the GW spectrum is still evolving. In the

last analysis [8], we limited the contribution from turbulence to the percent level, based

on the �ndings of simulations. In light of the uncertainties that exist, and in order to be

conservative, we will neglect turbulence altogether in what follows. Note, however, that for

�rst order PTs in speci�c models (for which the relation among �Uf andH�R� can be predicted),

the characteristic time of shock formation is often expected to be shorter than one Hubble

time [17], likely leading to turbulent ows and emphasizing the importance of future study

along this direction.

4 The PTPlot tool

To allow the reader to explore the GW power spectra in light of the preceding discussion in

speci�c scenarios, we have developed a web-based tool `PTPlot' to accompany this paper. It

may be accessed at ptplot.org. This tool is written in Python using the Django framework,

performing server-side rendering of power spectra and SNR contour plots. The aim is to make

high-quality, up-to-date and reliable predictions of the GW power spectra easily available to

the model-building community. In time, it may be extended to include other cosmological

sources of GWs, and other GW detectors.

PTPlot allows the user to display GW power spectra for any thermal PT parameters (�,

�=H�, g�, T�, vw) of their choice, using the formulae presented here, with a comparison to

the public sensitivity curve for LISA given in the Science Requirements Document [65]. The

PTPlot tool uses (29) (shading the corresponding regions grey) and (32) that, as discussed

before, only take into account the contribution from sound waves.

It is anticipated that the sensitivity curve (and SNR contours) will be updated if, in the

future, an improved public estimate of the eventual LISA sensitivity curve is made available.

The site carries a database of benchmark points for all the theories considered in Sec. 6 below,

and the power spectra can be viewed for these as well.

4.1 Signal to noise ratio plots

In addition to the GW power spectra, SNR contour plots can also be viewed. These show

where the parameter (or parameters) lie in either the HnR�-U f or �=H�-� planes 11. The

11Note that we use Hn and H∗ interchangeably in this section.
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the �nite temperature corrections to the classical potential. The global minimum of the

e�ective potential then corresponds to the �nite temperature expectation value of the �elds.

The order of the transition is determined by whether this minimum changes continuously

(second-order/cross-over) or discontinuously (�rst-order) as a function of the temperature.

The parameter � follows directly from the e�ective potential, while �=H� and T� can be

determined by computing the action of the bounce solution, which follows from the Euclidean

equations of motion for the scalar(s) again utilizing the e�ective potential.

An alternative method that has received renewed interest lately is to investigate the phase

diagram and determine the GW parameters by computing the e�ective action using numerical

Monte-Carlo lattice simulations. This method was instrumental in establishing that the

minimal SM does not have a �rst-order PT at the physical value of the Higgs mass [2].

By considering the e�ective action rather than just the e�ective potential, no assumption is

made about homogeneity of the �elds, and mixed con�gurations (such as bubbles) contribute.

Issues related to the well-known infrared divergences of �nite temperature perturbation theory

are automatically avoided in this approach, allowing for theoretically robust and accurate

predictions. The computation may be done in full 4D simulations of an e�ective bosonic

model [3], but because of the numerical e�ort involved, parameter scans are more feasible in

simulations of e�ective 3D models that are matched onto the 4D theory at high temperature

through a procedure known as dimensional reduction (DR). The status of the art regarding

this method is reviewed in Appendix A.

The short summary is that there remain several challenges associated with providing non-

perturbative predictions for LISA in BSM scenarios. Firstly, lattice Monte Carlo simulations

are still computationally expensive in 3D, and, as argued in Appendix A, need to be done on a

model-by-model basis. Even once a model is speci�ed, scanning the parameter space nonper-

turbatively is often not feasible. Instead, one typically chooses benchmark points to analyze,

which further prevents extensive phenomenological investigation. Furthermore, many sce-

narios rely on relatively large couplings to induce a �rst-order PT through radiative e�ects.

Dimensional reduction is usually done perturbatively to a �xed order in the couplings, and so

large couplings limit the accuracy of the dimensionally reduced description (see e.g. [66, 67]

for recent discussions). In this case, the perturbative matching procedure can fail, and one

cannot perform 3D Monte Carlo studies of the model at �nite temperature, necessitating gen-

uine 4D simulations which are even more computationally challenging. Thus, there remains

ample room for future improvements along this direction as LISA moves towards launch. In

the interim, we rely mostly on results obtained from 4D perturbation theory, commenting

on existing nonperturbative results for the various models discussed in Sec. 6 below when

applicable.
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6 Overview of speci�c models

A variety of new physics models predict �rst order PTs in the early Universe. In [8] several

such models were considered to benchmark LISA's sensitivity to realistic BSM scenarios. This

section should be considered both an update as well as an extension of the previous work. The

recent developments in the computation of the stochastic GW background from PTs discussed

in the preceding sections and the updated LISA sensitivity curve necessitate a re-evaluation

of the detectability of speci�c scenarios and benchmark points. Furthermore additional data,

e.g. from the LHC, has become available and puts additional constraints on models that

modify the electroweak phase transition (EWPT). With respect to these developments, the

models and benchmark points of [8] will be updated below. In addition, we will summarise

the recent developments in the study of models with cosmological PTs, with a focus on new,

more precise theoretical computations of the PT properties (c.f. Sec. 5) as well as on the

complementarity between LISA and other experiments in probing these models.

The models we discuss below fall into two broad categories: those where new physics

contributions modify the nature of the EWPT, and those where some other �eld undergoes

a PT largely independent of the Higgs, with an intermediate regime of multi-�eld and multi-

step transitions involving the Higgs and other �elds. Among the simplest possibilities are

extensions of the SM by a scalar singlet or EW multiplet, discussed in Secs. 6.1 and 6.2, or

e�ective operators in the case that the new physics a�ecting the EWPT is su�ciently heavy

(Sec. 6.4). The dynamics of more complex models such as supersymmetric extensions of the

SM (Sec. 6.3) can often be reduced to that of the SM with a small number of additional �elds,

and in that sense the results of Secs. 6.1 { 6.4 can be considered representative of a large class

of BSM scenarios. More qualitative changes occur if the new physics involves non-perturbative

or non-polynomial potentials such as extra dimensional or composite Higgs models, or if the

PT happens in a dark sector, as discussed in Secs. 6.5, 6.6, and 6.7 respectively.

6.1 Singlet extension of the SM

Many extensions of the SM feature new gauge singlet scalar �elds that can yield strong �rst-

order cosmological PTs in the early Universe, and hence contribute to the stochastic GW

background. Such extensions can be tied to dark matter (DM) [68, 69], the EW hierarchy

problem [70], and EW baryogenesis [71], for example12. Singlet scalars can be di�cult to

probe experimentally despite featuring sizable couplings to the SM Higgs �eld, since they

do not couple directly to the other SM states except through mixing with the Higgs. While

these models are sometimes considered `nightmare scenarios' at colliders [68], they provide

a compelling target for LISA [8] and highlight the complementarity between LISA and the

LHC.

12Even though certain models with extra dimensions or a composite Higgs are technically speaking singlet

extensions of the SM (with a dilaton playing the role of the singlet), we will treat them separately in Secs. 6.5

and 6.6.
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Consider a gauge singlet scalar �eld, S, that couples to the SM Higgs �eld, H. The most

general renormalizable scalar potential is

V (H;S) =� �2 jHj2 + � jHj4 +
1

2
a1 jHj2 S +

1

2
a2 jHj2 S2

+ b1S +
1

2
b2S

2 +
1

3
b3S

3 +
1

4
b4S

4:
(35)

A rede�nition of the S �eld allows one to either remove the tadpole term from the above

expression (see e.g. [72]), or shift away the VEV of S at zero-temperature. We choose the

latter, but emphasize that this is simply a convention and that the results can be translated

between schemes with simple rede�nitions of the various parameters (see e.g. [73] for an in-

depth discussion of these parametrizations). After EW symmetry breaking, in unitary gauge

we can parametrize H = [0; (h+ v)=
p

2]T, where v = 246 GeV. The cross-terms in (35) then

result in mixing between h and S. The mass eigenstate �elds can be written as

h1 = h cos � � s sin � ;

h2 = h sin � + s cos � ;
(36)

where the subscripts indicate the mass ordering, m1 � m2. LHC measurements indicate

that the observed 125 GeV Higgs �eld is quite SM-like, and currently the mixing angle is

constrained to satisfy [74{76]

jsin �j . 0:2� 0:3 ; (37)

depending on the mass of the singlet-like state and assuming m1 ' 125 GeV (i.e. taking

the singlet-like state to be the heavier scalar). We will primarily focus on this case in what

follows. This approximate bound comes from a combination of direct searches at the LHC as

well as EW precision measurements, and applies across the mass range m2 � 125 GeV { 1

TeV. For more precise mass-dependent limits, see e.g. [74{76].

An interesting limit of the model arises by imposing a discrete Z2 symmetry under which

S ! �S. If the Z2 symmetry remains unbroken at T = 0, there is no h � S mixing, and S

might be stable on cosmological time scales, thereby contributing to the observed DM density.

The prospects for discovery at colliders in this case are much more limited, since S can only

be pair produced through the Higgs and can only be indirectly observed through missing

energy in such events [68,70]. However, from the standpoint of LISA, the prospects are more

encouraging, as we will see below.

In both the general and Z2 cases, the tree-level couplings of S to H can yield a strong

�rst-order EWPT. Such a transition can proceed in either one or two steps [72, 73]. In the

two-step case, the EWPT is preceded by a transition in the singlet direction. The strength of

the EWPT is governed by the couplings of S to the Higgs �eld (a1 and a2). These parameters

also govern the interactions of the singlet-like state with the SM. We discuss the prospects

for LISA and other experiments to probe these models below.

After �xing the Higgs mass and VEV, as well as setting the singlet VEV to zero, the model

in (35) contains �ve free parameters. In [77], a strategy was suggested for systematically
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studying the parameter space featuring strong �rst-order transitions, which we adopt here.

Speci�cally, with regards to the LHC, the most relevant parameters of the model are the

singlet-like mass, and the mixing angle with the Higgs, �. For a given m2 and �, one can then

vary a2, b3 and b4 across the entire range of values allowed by

� Absolute vacuum stability: The potential (35) is required to predict no zero-temperature

vacua deeper than the physical minimum at v = 246 GeV, either at tree{ or one-loop{

level13.

� Perturbativity: We require a2, b4 < 4�, so that an analysis utilizing standard perturba-

tion theory techniques can be justi�ed14.

Imposing these requirements, we scan linearly over the corresponding parameter space for

various values of m2 and sin �, searching for points with a strong �rst-order EWPT15, de�ned

as those for which vc=Tc � 1, with vc the Higgs VEV at the critical temperature Tc. Our

conventions for the Coleman-Weinberg and �nite-temperature contributions to the e�ective

potential are those detailed in [77]. To determine the properties relevant for the GW signal,

we de�ne the PT temperature T� as that for which the three-dimensional Euclidean action of

the bounce solution, S3, satis�es S3=T� = 100. This choice was inspired by the percolation

requirement in (5). We compute the bounce with a modi�ed version of the CosmoTransitions

pathDeformation module [78], and use this to determine �=H and � at T�.

For illustration, we consider masses m2 = 170, 240 GeV and sin � = 0:01, 0.1. These

values are motivated by distinct discovery prospects at the LHC and future colliders. As

discussed above, currently, values of j sin �j . 0:2 are not constrained experimentally for

these masses. At the high-luminosity LHC, direct searches for the singlet-like state will likely

probe j sin �j & 0:1 for m2 > 2mW [79]. In contrast, the parameter space with sin � = 0:01

is unlikely to be probed by the LHC or future colliders. LISA sensitivity to these points

therefore illustrates its complementarity with collider searches.

It is worth noting that resonant di-Higgs production (pp ! h2 ! h1h1) can provide an

additional probe of the parameter space for m2 > 2m1 � 250 GeV, [80{83], but we do not

discuss this region further here, as larger singlet masses tend to be harder to detect with

LISA. For lower masses, non-resonant h2h2 and h1h1 production can also provide a handle

on the parameter space for large values of a2, [77]. It would be interesting to investigate the

correlation between these observables and LISA in the future.

In the left panel of Fig. 4, we show results of our analysis of the parameter space for

m2 = 170, 240 GeV in terms of the properties of the EWPT relevant for GW production

13Note that in [77], tree-level vacuum stability was not required.
14In [77], in addition to perturbativity, the coupling b4 was bounded by perturbative unitarity. In our case,

since we require absolute vacuum stability at tree-level, this requirement does not signi�cantly impact the

parameter space.
15Strong singlet-only transitions were not searched for, but can also produce a signal at LISA. However,

the physics driving such transitions does not necessarily involve the couplings of S to the SM Higgs, and so

the collider prospects for discovery are not as correlated.
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that the LHC will probe virtually none of the parameter space shown. Future colliders will

provide some sensitivity through a combination of measurements of the Zh production cross-

section, deviations in the Higgs self-coupling, and non-resonant SS production. Reference [68]

claims that a combination of these measurements might be able to cover the entire parameter

space shown. Even if this is the case, LISA will likely have the �rst opportunity to directly

probe the parameter space with strong �rst-order transitions in the Z2 case16.

6.1.1 Non-perturbative PT analysis

The EWPT in the singlet model has also been studied non-perturbativey. The dimensional

reduction (DR) and a preliminary investigation of the parameter space using existing SM

lattice results were performed for the singlet-extended SM in [88]. Subsequently, [89] investi-

gated several di�erent regions of the model parameter space both in the Z2 and non-Z2 cases,

comparing the perturbative and nonperturbative predictions. Requiring the self-consistency

of the dimensional reduction and that the e�ects from higher-dimension operators and dynam-

ics of the singlet �eld17 are small limits the regions of parameter space that can be accurately

described by the SM-like 3D e�ective �eld theory (EFT) used in these studies. Where the

3D EFT results can be trusted, [89] found reasonable agreement for the scaling of the PT

strength with the model parameters in both approaches. Furthermore, [89] applied existing

lattice results to determine �, � and Tn for an illustrative benchmark point in the general sin-

glet model, �nding good agreement between perturbative and non-perturbative approaches

for the relative amount of supercooling, Tn=Tc, while the individual quantities Tn, �, and

�=Hn featured larger (up to O(100%)) discrepancies. However, accounting for uncertainties

due to the neglected dimension-6 operators in the 3D theory, as well as the scale-dependence

in the perturbative results, brings the results into closer agreement.

Taken at face value, the �ndings of [88] and [89] suggest that the perturbative calculations

reected in Fig. 4 might predict the correct values of � and �=H to within O(1) factors.

However, none of the parameter space considered in [89] features PTs strong enough to

be detectable by LISA, and so future work is required to draw �rm conclusions about the

accuracy of perturbative predictions in these regions of the model. This will require dedicated

nonperturbative studies of the singlet-extended SM, which are in progress.

16If the Z2 symmetry is valid up to high enough scales, S can be cosmologically stable, contributing

to the observed DM abundance. As a result the model can also be constrained by DM direct detection

experiments [68]. Note however, that these signatures are much more model-dependent, in that they are

sensitive to whether or not additional DM annihilation channels are present. Furthermore they are not

necessarily correlated with the existence of a strong �rst-order EWPT.
17In these studies, the singlet �eld was integrated out altogether, and so any potential impact of the singlet-

Higgs vacuum structure on the transition discarded. This is a general issue for EFTs [90] and not speci�c to

DR.
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6.2 Extensions of the SM with Scalar Electroweak Multiplets

A strong �rst-order EWPT may be obtained through the existence of a non-minimal scalar

sector featuring electroweakly charged scalar �elds in addition to the SM Higgs doublet. The

SM gauge non-singlet nature of these �elds helps in making them accessible at colliders, which

yields a more direct connection between the generation of GWs from a �rst-order cosmological

PT and phenomenological LHC studies. Here we focus mostly on two-Higgs-doublet-model

(2HDM) scenarios, in which the SM Higgs sector is enlarged by a second doublet. These

scenarios provide a compelling benchmark of extended scalar sectors where the new scalars

are charged under the EW symmetry of the SM. We also briey discuss the case of other EW

representations, namely scalar triplet extensions of the SM, at the end of this subsection.

The strength of the EWPT in the 2HDM and its early Universe implications have been

widely studied in the literature [91{102]. In the following we provide an overview of the

discovery potential of such a scenario at LISA and discuss the complementarity with ongoing

and future BSM searches at the LHC. The scalar potential for the 2HDM is given by

V (H1; H2) = �2
1 jH1j2 + �2

2 jH2j2 � �2
h
Hy1H2 + h:c:

i
+
�1

2
jH1j4 +

�2

2
jH2j4

+�3 jH1j2 jH2j2 + �4

���Hy1H2

���2 +
�5

2

��
Hy1H2

�2

+ h:c:

�
;

where we have assumed a (soy broken) Z2 symmetry18. The breaking of the EW symmetry is

shared between the two Higgs doublets H1 and H2, their VEVs given by v1;2 (with
p
v2

1 + v2
2 =

v = 246 GeV, v2=v1 � tan�). The 2HDM features three new physical states in addition to

the 125 GeV Higgs h: a charged scalar H� and two neutral states H0, A0. A �nal relevant

aspect of the 2HDM concerns the various possibilities for coupling the Higgs doublets H1;2 to

the SM fermions (see e.g. [103]). This has implications for the phenomenology of the model,

e.g. the current and future LHC sensitivity prospects, but it is not relevant for the EWPT19.

We will comment on the impact of 2HDM fermion coupling choices for the complementarity

between the LHC and LISA when relevant.

The strength of the EWPT in 2HDM scenarios is primarily determined by a decrease

in the free-energy di�erence between the EW-symmetric maximum and EW-broken phase

at T = 0 with respect to the corresponding SM value [100, 102] (see also the discussion in

Sec. 6.4). This e�ect is mostly due to T = 0 one-loop contributions to the free energy. As

a result, a strongly �rst-order EWPT in 2HDMs is very much correlated with the SM-like

nature of the Higgs state h when mH0 > mh = 125 GeV, as well as with a large mass splitting

between the states H0, A0 [96, 99{101], which provides an important connection to LHC

searches for new scalars in �nal states consisting of gauge and Higgs bosons.

18This is assumed for phenomenological reasons: its absence results in potentially dangerous avour-

changing-neutral-current contributions once the Higgs doublets are coupled to the SM fermions.
19The top quark is generically the only SM fermion whose Yukawa coupling is large enough to be of relevance

for the EWPT, and the di�erent possible fermion coupling choices share the same top quark Yukawa coupling

assignment.
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and assuming a bubble wall velocity of21 vw = 0:7. The blue and orange points in the �gure

correspond to 2HDM benchmarks for which di�erent LHC constraints apply, as discussed

below. We stress that allowing for a slight departure from our assumptions about the 2HDM

parameters (SM-like Higgs h, mH± ' mA0 and M2 ' m2
H0

) within the experimentally allowed

region would result in a small decorrelation between � and �=H as compared to the very

strong correlation shown in Fig. 5 (essentially, a minor \thickening" of the line traced out by

the 2HDM benchmark data in Fig. 5). We also note that in the 2HDM one tends to �nd

larger values of �=H for a given � as compared to other models (e.g. the singlet model, see

Sec. 6.1).

LHC searches for the BSM states A0, H0, H� can also probe the 2HDM region of parameter

space with a strongly �rst-order EWPT, resulting in a strong level of complementarity between

the LHC and LISA. In particular, given the sizable mass splitting mA0 �mH0 characteristic

of a strong EWPT in the 2HDM22, LHC searches for A0 ! ZH0 [96] by CMS [105] and

ATLAS [106] yield important constraints on the allowed 2HDM parameter space. These

constraints depend on the speci�c type of 2HDM Yukawa coupling assignment: for a Type-II

2HDM, the present bounds from the LHC
p
s = 13 TeV ATLAS A0 ! ZH0 search with 36:1

fb�1 of integrated luminosity [106] exclude values mH0 . 340 GeV independently of tan �.

The points that would be currently excluded by this search for a Type-II 2HDM are depicted

in orange in Figs. 5. In contrast, for a Type-I 2HDM the present limits from [106] yield a

lower bound on tan � as a function of mH0 and mA0 . Future LHC searches (see e.g. [107])

will be able to completely explore the region of parameter space with a strongly �rst-order

EWPT within the Type-II 2HDM, while for a Type-I 2HDM the future LHC measurements

will only be able to increase the reach in tan� without fully exploring the model parameter

space. LISA, however, can probe such points, making clear the complementarity between the

LHC and LISA.

Beyond the 2HDM discussed above, other scenarios with EW scalar multiplets added to the

SM could lead to a �rst-order EWPTs and a GW signature potentially within the sensitivity

range of LISA. References [108,109] (see also [110,111]) studied the properties of the EWPT

within a scalar EW triplet extension of the SM. They found that this scenario allows for a

multi-step PT analogous to that of the Z2 symmetric singlet extension of the SM23 (recall

the discussion in Sec. 6.1). Such two-step transitions have also been explored in [110] in the

context of the inert doublet model (a particular version of the 2HDM with an unbroken Z2

21Preliminary attempts towards computing the bubble wall velocity in 2HDM scenarios featuring a strongly

�rst-order PT were made in [25,98], where it was found that in a considerable part of parameter space bubbles

expand as deagrations, with only the strongest transitions being detonations.
22This can be readily inferred from Fig. 5: a strongly �rst-order EWPT in the 2HDM observable by LISA

would require at least � & 0:1, which from Fig. 5 (left) implies mA0
�mH0

& 250 GeV.
23However, as opposed to the two-step transition for the Z2 symmetric singlet scenario, here the �rst step

of the transition breaks the EW symmetry. This could impact the generation of GWs (bubble wall friction

from the SM gauge bosons would generically result in smaller values of vw than in the singlet scenario), as

well as other processes such as EW baryogenesis.
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symmetry). These multi-step scenarios in BSM theories with a new scalar EW inert doublet

or triplet could give rise to very strong �rst-order EWPTs within the reach of LISA (see

e.g. [109]), while also predicting several distinct collider signatures [108, 110, 112]. The latter

include the modi�cation of the Higgs coupling to two photons and signals associated with a

compressed scalar spectrum (e.g. disappearing tracks and �nal states involving soft objects).

Finally, [113] has also considered higher EW scalar multiplets (EW quadruplets) as ul-

traviolet (UV) completions of a SM EFT framework (see Sec. 6.4), �nding that strongly

�rst-order EWPTs yielding a GW signal detectable by LISA are possible, and that there is a

high-degree of complementarity with the LHC: quadruplet masses m� . 600 GeV would be

probed by the LHC via multi-lepton signatures, while LISA could in principle probe much

higher masses depending on the value of the couplings between the EW quadruplet and the

SM Higgs doublet.

6.2.1 Non-perturbative PT analysis

Some of the scenarios discussed in the previous subsection have also been studied nonpertur-

batively at �nite temperature. The dimensional reduction of the 2HDM to a SM-like 3D EFT

(see Appendix A) was performed in [114{116], and the PT analysed using existing SM lattice

results in the case without CP-violation and in the alignment limit assuming m�H = mA0 . The

parameters mH0 , mA0 and �2 were then varied for a few values of tan�, showing that a region

featuring a �rst-order PT emerges (see [115]) and broadly con�rming that mA0 > mZ +mH0

is preferred in this region. However, in parts of the parameter space, issues remain regarding

the validity of one or more steps in the DR procedure, as well as the mapping to the 3D

theory in this approach. Again, some information about the two-�eld transition dynamics

may be lost, even in the alignment limit.

More recently, [67] performed new lattice simulations including the dynamical second

doublet. The results for the equlibrium properties (�, Tc) were compared with predictions

from perturbation theory in both 3D (using the two-loop e�ective potential) and 4D using

di�erent resummation schemes. For the benchmark points considered in [67], the standard

4D treatment (used in the results of Fig. 5, for example) reproduces Tc to within about 20%

and � to within a factor of two. The 3D two-loop e�ective potential approach more closely

reproduces the lattice results, but O(10)% uncertainties remain in some cases. The results

of this section obtained in the 4D perturbative approach should therefore be understood in

light of these �ndings.

As emphasized in [67], the PTs studied nonperturbatively to date are not strong enough

to be detected by LISA. To go to larger �, larger couplings are required, which decreases the

accuracy of the dimensional reduction. Future work is therefore required to make nonpertur-

bative predictions for LISA in the 2HDM.

Similarly to the case of a second doublet added to the SM, the scenario with an additional

scalar triplet [117] may also be dimensionally reduced to a SM-like EFT at long distances,

and predicts a region of �rst-order PTs. As for the doublet and singlet models, the viability
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of the DR in the �rst-order PT region may be an issue (see [117] for details). The authors

argue in favour of using a di�erent 3D target theory, implying future numerical work to be

done to pin down the corresponding phase diagram and extract nonperturbative predictions

relevant for LISA.

6.3 SUSY-extended SM

The previous two subsections studied LISA's sensitivity to extensions of the SM with minimal

new �eld content and motivated mostly from a bottom-up perspective. However, LISA can

also probe richer UV-complete scenarios. The classic example is supersymmetry (SUSY).

SUSY is one of the most investigated embeddings of the SM. Several features make SUSY

compelling: it predicts gauge coupling uni�cation, provides a variety of DM candidates, and

is an important ingredient in theories of quantum gravity such as string theory. Furthermore,

SUSY arises naturally in generalizing the Poincare algebra. As a result, there are no quadratic

divergences in the scalar sectors of SUSY models, while the remaining logarithmic divergences

are not sensitive to e.g. the Planck cuto� but instead to the (potentially much lower) SUSY

breaking scale. All radiative corrections are then small when the SUSY breaking scale is

close to the TeV scale, in which case the predicted EW scale is of the order of the W and Z

boson masses without requiring tuning between the low-energy parameters. Intriguingly, low-

scale SUSY breaking implies light new physics, with obvious implications for EW symmetry

breaking and, possibly, the dynamics of the EWPT.

The MSSM is the simplest supersymmetric extension of the SM. In this setup the EWPT

can be strongly �rst-order if the two stops (scalar top partners) feature small mixing and one

of the two is lighter than the top quark [118{121]. Interestingly enough, naturalness also favors

light stops. However light stops are in strong tension with current LHC measurements: a light

stop with small mixing boosts the ratio between the Higgs gluon-fusion and vector-boson-

fusion signal strengths. Furthermore, light stops are highly constrained by direct searches

at ATLAS and CMS [122{126]. Despite potential loopholes in the experimental limits (see

e.g. [127]), it seems unfeasible to overcome all current constraints simultaneously and so a

strong �rst-order EWPT in the MSSM can be considered essentially ruled out.

Non-minimal supersymmetric scenarios, on the other hand, can still feature strong �rst-

order EWPTs, the singlet extension of the MSSM being a prominent example. Numerous

analyses have investigated the EWPT in this setup before the LHC constraints on SUSY

became as stringent [128{131]. As a proof of principle, one can however check that, although

tuned, there exists a region of parameter space compatible with a very strong EWPT and that

would avoid detection at the LHC. To arrive at such scenarios, one must build a superpotential

allowing all new physics irrelevant for the EWPT to be above the LHC energy reach. This

implies that an exact Z2 symmetry cannot be enforced on the singlet [132]. The 125 GeV

Higgs and the singlet therefore mix. This mixing must be tuned to a small value to mimic the

SM-like Higgs signal strengths. As a result of these considerations, at low energy the theory

looks like the singlet extension of the SM with an approximate Z2 symmetry (see Sec. 6.1). In
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Benchmark
PT parameters

� �=H� vw T�/GeV

SUSY1 (1A) 0.037 277 0.95 112

SUSY1 (1B) 0.066 106 0.95 95

SUSY1 (1C) 0.105 33.2 0.95 82

SUSY1 (1D) 0.143 6.0 0.95 76.4

SUSY2 (2A) 0.050 830 0.73 135

SUSY2 (2B) 0.040 2914 0.72 146

SUSY3 (3A) 0.062 214 0.5 74

SUSY3 (3B) 0.045 200 0.5 79

SUSY4 (4A) 0.22 57 0.95 48

Table 2: Benchmarks scenarios for SUSY embeddings. Note that the listed values of vw are quoted

from the original references and are not necessarily realistic (see the main text). For the analysis of

our benchmark points we simply take vw ' 0:95 absent more detailed microphysical calculations of

vw in these models.

particular EW symmetry breaking can proceed via a two-step EWPT with ultra-relativistic

bubbles [132]. The benchmark points in Table 2 labeled SUSY1 are taken from [132] and

represent this setup.

From the standpoint of LISA, it is interesting to note that singlet extensions of the MSSM

do not necessarily predict ultra-relativistic bubbles. In contrast to the aforementioned split

scenario, one can instead assume the electroweakinos to be light and obtain a EWPT strong

enough to be accessible by LISA through the mechanism discussed previously [133,134]. The

presence of these new degrees of freedom in the thermal bath increases the friction between

the bubble wall and the plasma. Moreover, they can provide a new source of CP-violation.

Thus, at least in principle, all the ingredients required by electroweak baryogenesis could be

present [131, 135{138]. In Table 2, the benchmark models labeled SUSY2 and SUSY3 corre-

spond to this light electroweakino scenario and are taken from [133] and [134] respectively24.

It remains an open question whether such benchmark models, characterized by large CP-

violating sources and light electroweakinos, would be able to produce the observed baryon

asymmetry of the Universe while remaining consistent with bounds from electric dipole mo-

ment (EDM) experiments [139, 140] and collider searches [141{145]. Such limits are already

very stringent. If they become stronger, these benchmark points would most likely be ruled

out before LISA ies.

24As discussed in the original articles, the obtained values of the bubble velocities are not computed mi-

crophysically and therefore are subject to large uncertainties. [133] determines vw as the Chapman-Jouguet

speed, which underestimates vw in the detonation regime (see Sec. 3.3). [134] instead does not compute vw
and provides benchmark points assuming an optimistic and pessimistic value of vw in the deagration regime.

Notice also that [134] evaluates � as the normalized latent heat. We thank Ligong Bian, Huai-Ke Guo and

Jing Shu for communications about the benchmark scenarios used in their study [133].
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A further step into non-minimality consists of introducing custodial triplets. As a result

of the custodial symmetry, these �elds can acquire large VEVs without spoiling EW precision

tests [146,147]. As a consequence, the structure of the scalar potential can di�er signi�cantly

from that of the MSSM, and a tree-level barrier between the di�erent phases could exist.

Very strong PTs with ultra-relativistic bubble velocities can then occur [148]. Even if light,

the triplets can evade current LHC bounds as well as relax some of the tension between light

stops and LHC data [149, 150]. The benchmark scenario SUSY4 in Table 2 corresponds to

this setup [148].

Finally, we remark that relaxing minimality can also result in modi�cations of theory

at high energies. Such extensions may not impact the phenomenology at experimentally-

accessible scales but instead could explain the origin of the \accidental" tunings perceived at

low energy in the examples we have discussed25. In other words, perhaps the lack of tuning

at low energy is not a robust guiding principle. Here we refrain from judging this argument

or assessing the plausibility of the SUSY benchmark scenarios discussed above; we simply

take the SUSY benchmark points that the literature has identi�ed as interesting from the

standpoint of GW signatures, and update their detection prospects in light of the new, more

precise predictions discussed in Sec. 3.

Fig. 6 summarizes our �ndings for SUSY models summarized in Table 2. These results

show that LISA is capable of probing many of the proposed benchmark scenarios, provided vw

is large enough. In fact, were vw below the speed of sound, our conclusions would be radically

di�erent. Existing calculations, however, suggest that whenever the EWPT is strong and

the plasma does not di�er much from that of the SM, wall velocities larger than the speed

of sound arise. This is indeed what happens in SUSY scenarios that reduce to the singlet

model at low energies where the wall velocity has been directly computed [24]. We hence

assume vw = 1 in Fig, 6 which, for PTs of these strengths, is likely to be more realistic

than the Chapman-Jouguet speed assumed in most analyses. We emphasize, however, that

microphysical calculations vw in these models should be done to obtain more accurate results.

6.3.1 Non-perturbative PT analysis

Lattice studies based on the 3D EFT approach have also been pursued for supersymmetric

scenarios. Due to the wide range of possible spectra in SUSY models and the e�ort that each

lattice analysis requires, non-perturbative studies of the EWPT in the context of SUSY are

not exhaustive. Those that do exist, however, su�ce to highlight some overall trends when

comparing between perturbative and non-perturbative predictions.

The structure of the MSSM 3D Lagrangian depends strongly on the assumed spectrum.

The non-trivial dimensional reduction to 3D needs to be done on a case-by-case basis, de-

pending on which degrees of freedom are assumed to be heavy. The MSSM 3D theory is

therefore known only in a few regimes. The investigated regimes include the case in which all

25For instance the so-called � problem, which implies that heavy Higgsinos are not natural, is not a generic

feature of SUSY embedding [151{153].
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observable signal at LISA. If the scale of new physics is su�ciently high, the impact of the

new states on the EWPT can be parametrized and studied by means of an EFT. In this SM

E�ective Field Theory (SMEFT), the Higgs potential is augmented by terms of higher power

in the Higgs �eld, suppressed by the scale of new physics, which we denote by f (not to be

confused with the GW frequency). This approach allows one to study the generic impact of

new physics, in our case on the EWPT, without relying on speci�c models.

We write the Higgs doublet as H = [0; (h + v)=
p

2]T, with h being the physical Higgs

boson and v = 246 GeV the Higgs VEV. In the following we consider operators of mass

dimension up to eight, so that the Higgs potential reads

Vtree(h) = ��2
H jHj2 + �hjHj4 +

c6

f 2
jHj6 +

c8

f 4
jHj8

= �1

2
�2
Hh

2 +
1

4
�Hh

4 +
c6

8f 2
h6 +

c8

16f 4
h8 : (38)

If the e�ective theory is valid, operators with even higher mass dimension will not modify the

results. Here the scale of new physics, f , is taken to be about a TeV, and the Wilson coe�-

cients, c6;8, are expected to be of order one. We take c6=f
2 and c8=f

4 as input parameters,.

The remaining parameters, i.e. the mass squared term and quartic coupling, are then �xed

by requiring that the one-loop Higgs potential, V (h) = Vtree(h) + �VCW(h), has a minimum

at hhi = v, at which the physical Higgs mass is mh ' 125 GeV.

To study the EWPT in this model, we include the one-loop thermal corrections from the

W and Z bosons, and the top quark (the latter is the only particle that is relevant for the

zero temperature corrections). It has been shown [113] that, to a good approximation, key

properties of the PT, such as T�, ��, � and � depend mostly on an e�ective scale of new

physics, f=
p
c, de�ned by

c

f 2
� c6

f 2
+

3

2
v2 c8

f 4
(39)

rather than on f , c6 and c8 separately. So e�ectively this model has only a single free

parameter that governs the physics relevant for GW production.

The �rst study of the EWPT in the SMEFT goes back to the early 1990s [157], where it

was realized that the EWPT can be strongly �rst order if the scale of new physics is below

a TeV, even for the observed Higgs mass. Later, the parameter space was mapped out in

more detail [158, 159]. It was realized in particular that this scenario leads to a considerably

enhanced Higgs self coupling [158] and electroweak baryogenesis was investigated [160].

A strong �rst-order EWPT in the SMEFT is made possible by the presence of the extra

operators in the potential, which can result in a barrier separating the origin from the Higgs

phase at zero temperature. For instance, the quartic coupling can be chosen to be negative,

and the potential will be stabilized by the higher dimensional operators. There is an equivalent

way of interpreting the mechanism of the PT. The higher dimensional operators break the

link between the Higgs mass and the depth of the electroweak minimum [161]. As the e�ective

scale of new physics is lowered, the electroweak minimum becomes shallower. The transition

then happens at lower temperature with a larger jump in the Higgs �eld. This generally leads
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to stronger PTs, as is also observed in e.g. the 2HDM (see Sec, 6.2) or the singlet extension

(see Sec. 6.1).

It is interesting to ask whether or not the e�ective theory correctly describes the impact

of new physics on the PT in concrete models. This was done in [90] for the singlet extension,

and it was found that the EFT correctly reproduces the PTs of the full model only in a small

part of the parameter space. In [162] it was found that the e�ective theory also has limited

validity when computing the baryon asymmetry. Finally, it has been shown in [113] that

only in special perturbative UV completions, such as a custodial electroweak quarduplet,

it is possible to generate the necessary operators in the Higgs potential without violating

phenomenological constraints, such as EW precision tests. Despite these caveats, the e�ective

theory is still a useful toy model to study properties of the EWPT in a simple manner.

The SMEFT is amongst the few models where the bubble wall velocity has been computed.

This was �rst done in [163], using results from the SM. Re�ned calculations were presented

in [23,25]. The calculations show that, as the transition gets stronger, the velocity turns from

sub- to supersonic, and eventually satis�es the \old" runaway criterion [27] before reaching

the metastability region.

GW production at the EWPT in the e�ective theory has been studied initially in [11,159].

It was recently revisited in [113], and most of the results presented below are taken from this

reference. All of these studies show that the EWPT in this setup can generate GWs that can

be probed by LISA.

On the left hand side of Fig. 7 we show the PT temperature T�, de�ned by S3=T� � 100;

as well as the value of ��=T� as a function of the e�ective scale. In the right panel of the same

�gure we show a scatter plot of � and � generated by PTPlot, along with the corresponding

LISA SNR curves. Since the PT temperature changes with f=
p
c, we plot sensitivities for

two groups of points: \Scenario A", for which T� is closer to � 50 GeV, and \Scenario B",

for which T� = 100 GeV provides a more accurate description.

As the e�ective scale of new physics, f=
p
c, is lowered, the PT gets stronger, � becomes

smaller and the wall velocity increases. At f=
p
c � 540 GeV, the PT no longer completes,

i.e. the symmetric phase becomes metastable. At even lower values f=
p
c < 480 GeV, the

electroweak minimum ceases to be the global one. For f=
p
c . 650 GeV the bubble expand as

detonations. Larger values lead to deagrations. At f=
p
c . 580 GeV the bubble expansion

satis�es the \old" runaway criterion of [27]. The relatively small value of f=
p
c justi�es the

inclusion of operators of dimension larger than six.

The e�ective interactions also modify the Higgs trilinear coupling [113],

�3 � �3;SM

�
1 +

v2

m2
h

�
2c6

v2

f 2
+ 4c8

v4

f 4

��
: (40)

Such modi�cations are potentially testable in double Higgs production at colliders. However,

the still very small cross section makes all values compatible with a strong �rst-order EWPT

impossible to probe at the LHC. A sizable region of this parameter space could be instead

tested at a future Higgs factory, such as the FCC-ee [164]. All values could be probed at a
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5 0 0 6 0 0 7 0 0 8 0 0

f /
√

c [ G e V]

1 0 0

1 0 1

1 0 2

T ∗ [ G e V]

φ ∗ / T ∗

Fi g ur e 7: L E F T:  V al u e s of T ∗ a n d φ ∗ / T ∗ a s a f u n cti o n of t h e e ff e cti v e s c al e f /
√

c ( n ot e t h at t h e

p ar a m et er f a p p e ari n g h er e s h o ul d n ot b e c o nf u s e d  wit h t h e  G W f r e q u e n c y).  RI G H T: S c att er pl ot

o n t h e pl a n e of α a n d β / H .  T h e bl u e ( or a n g e) d ot s, l a b ell e d “ S c e n ari o  A ” ( “ S c e n ari o  B ”), c or r e s p o n d

t o s c e n ari o s  wit h T ∗ ∼ 5 0  G e V ( T ∗ ∼ 1 0 0  G e V).  T h e  w all v el o cit y i s t a k e n t o b e v w = 0 .9 5.

f ut ur e 1 0 0  Te V h a dr o n c olli d er, s u c h as t h e  F C C- h h [1 6 5 ].  All i n all,  LI S A  will pr o vi d e t h e

first a ct u al t est of t h e s c al ar p ot e nti al of t h e S M E F T.

6. 5  M o d el s  wi t h  w a r p e d e x t r a  di m e n si o n s

T h e s c e n ari os dis c uss e d t h us f ar all r el y o n  w e a kl y- c o u pl e d n e w p h ysi cs a n d p ol y n o mi al s c al ar

p ot e nti als  w hi c h t y pi c all y pr e di ct α si g ni fi c a ntl y s m all er t h a n 1.  H o w e v er, t h er e e xist c o m-

p elli n g a n d  w ell- m oti v at e d fr a m e w or ks t h at c a n g e n eri c all y gi v e ris e t o l ar g e si g n als at  LI S A

f e at uri n g str o n g d y n a mi cs a n d n o n- p ol y n o mi al p ot e nti als  w hi c h ar e t h e s u bj e ct of t h e n e xt

t w o s u bs e cti o ns.  We st art  wit h  m o d els i n v ol vi n g  w ar p e d e xtr a di m e nsi o ns.

Fi v e- di m e nsi o n al  w ar p e d  m o d els h a v e attr a ct e d  m u c h att e nti o n i n t h e lit er at ur e as t h e y

pr o vi d e a n at ur al a n d  w ell- m oti v at e d fr a m e w or k f or a v er y str o n g first- or d er  P T [ 2 8 – 3 6 , 3 9 ].

I n t h e e ff e cti v e 4 D l a n g u a g e, t his  P T i n v ol v es t h e r a di o n s c al ar fi el d  w h os e p ot e nti al st a bili z es

t h e i nt er br a n e dist a n c e d et er mi ni n g t h e si z e of t h e sli c e of  A nti- d e Sitt er s p a c e i n  R a n d all –

S u n dr u m  m o d els.  T h e  V E V of t h e r a di o n fi el d d es cri b es t h e p ositi o n of t h e I R (i. e.  Te V) br a n e

e m er gi n g fr o m i n fi nit y.  T his cl ass of  m o d els h as b e e n a m o n g t h e  m ost p o p ul ar s ol uti o ns t o t h e

hi er ar c h y pr o bl e m.  As t h e  Hi g gs e m er g es t o g et h er  wit h t h e I R br a n e, t h e  E W s c al e n at ur all y

e m er g es as t h e  Pl a n c k s c al e s u p pr ess e d b y a g e o m etri c ( w ar p e d) f a ct or.  T h e  m ass es of t h e

K al u z a – Kl ei n r es o n a n c es ar e ar o u n d t h e  Te V f or s ol vi n g t h e hi er ar c h y pr o bl e m.  As a r es ult,

T ∗ is t h us t h e  Te V s c al e s u p pr ess e d b y s o m e a d diti o n al p ar a m etri c f a ct ors.  F or T ∗ b el o w t h e

E W s c al e, t h e r a di o n  P T tri g g ers  E W s y m m etr y br e a ki n g,  wit h i ntri g ui n g i m pli c ati o ns f or

E W b ar y o g e n esis a n d  LI S A.
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The study of these scenarios is connected to Composite Higgs (CH) models discussed

in the next section. Actually, if the conjectured AdS/CFT duality could be extended to

any warped scenario, the di�erentiation between Randall{Sundrum and CH models would

be arti�cial. The radion PT could be studied in the 4D language and determined as the

decon�nement/con�nement PT driven by the dilaton, the Goldstone boson of the conformal

invariance of the 4D theory. As such, the radion is lighter than the other Kaluza{Klein

resonances and it is a justi�ed approximation to neglect the e�ects of the latter in the zero-

temperature 4D e�ective scalar potential.

The scalar potential of the radion exhibits two generic key features: it is very shallow

due to near-conformal invariance, and the sizeable thermal barrier due to the large number

of CFT degrees of freedom becoming massive during the con�nement PT leads to signi�cant

supercooling and may even prevent the PT. These features are tightly connected, as observed

in [28{35,39]: both can be relaxed by modulating the backreaction on the AdS metric induced

by the conformality-breaking terms localized on the TeV brane. As a consequence, the PT

parameters can take on a wide range of values. In particular, unless inducing extremely small

or large backreactions on the metric, the hierarchy Tn � Tc arises, with Tc near the TeV scale

and Tn some orders of magnitude below Tc.

One may wonder whether the TeV-brane terms breaking conformality are necessary to

guarantee the occurrence of the PT. As recently noticed in [36], such terms are not required.

In all Randall-Sundrum models where the SM gauge �elds, in particular the SU(3) gauge

bosons, live in the bulk, the running of the QCD coupling is a function of the 5D radius. The

QCD scale is therefore a function of the VEV of the radion. These e�ects, which had been

ignored in the previous literature, necessarily inuence the radion potential and contribute to

remove most of the thermal barrier at temperatures close to the QCD scale. The net result is

that if the Universe is trapped in the conformal minimum, at some point the temperature of

the (expanding) Universe reaches that of the QCD PT, the above e�ect becomes sizeable and

the radion is released from the false minimum. It follows that the parameter region leading to

a strong radion PT is far larger than that obtained by overlooking the e�ects of the radion on

the QCD scale. In particular, the previously overlooked region of parameter space naturally

exhibits a radion PT that is extremely supercooled (Tn � �QCD � Tc) and extraordinary

strong [36]. In this framework, the EWPT is naturally induced by QCD con�nement and

provides a compelling target for LISA.

The preceding discussion suggests whether or not terms breaking conformality on the

TeV brane are present (i.e. whether Tn � �QCD or Tn � �QCD) has an important impact

on the corresponding phenomenological predictions. In particular, the temperature at which

the PT occurs, be it near the QCD-, EW-, or TeV-scale, can have signi�cant implications

for e.g. baryogenesis or entropy conservation in the early Universe 26. However, di�erent

nucleation temperatures do not lead to sizable di�erences in the GW predictions relevant for

26For instance, if the EWPT occurs at QCD temperatures, cold EW baryogenesis can be realized with the

CP violation sourced by the QCD axion [166]. A QCD-scale EWPT also impacts the predictions for the QCD

axion relic abundance [40, 166].
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scale f , whose currently preferred value is f ' 0:8 TeV [169]. To ensure a custodial sym-

metry that suppresses oblique corrections to EW precision tests, the minimal possible coset

is SO(5)=SO(4). Larger groups are also viable, such as SO(6)=SO(5) or SO(7)=SO(6), in

which case the Higgs is accompanied by other light pNGBs, in particular SM singlets. Light

scalars in addition to the Higgs are therefore natural in these constructions.

The Higgs potential is generated from the explicit breaking of the global symmetry G by an

elementary sector and communicated to the composite sector from which the Higgs originates

through elementary/composite interactions. The scalar potential arises at one-loop, mainly

from fermionic loops. Due to the pNGB nature of the Higgs, the potential is a trigonometric

function of the ratio h=f , with the generic form for the minimal CH scenario given by [168]

V [h] � f 4
�
� sin2(h=f) + � sin4(h=f)

�
: (41)

Imposing the correct EW symmetry breaking scale h = v and Higgs mass leads to

� = �2� sin2(v=f) ; m2
h � 8f 2 sin2(v=f) � ; (42)

meaning that j�=�j = 2 sin2(v=f). This quantity needs to be small since EW precision tests

and Higgs coupling measurements constrain sin2(v=f) . 0:1� 0:2 [169]. Therefore, contrary

to the generic expectation � & � [170], � has to be suppressed with respect to �, which

requires an accidental cancellation. This is the irreducible tuning of CH models [171].

The EWPT in CH models has primarily been studied by following an EFT approach

[158, 159, 172], by expanding (41) in h=f up to dimension-six operators. In this case, it is

found that a �rst-order EWPT su�ciently strong for EW baryogenesis can occur provided

than f is below � 1 TeV, as discussed in Sec. 6.4 of this report. The accuracy of an EFT

approach to the study of the EWPT in such scenarios is therefore limited. More recently,

the EWPT in some speci�c CH realisations has been investigated. In CH models, since the

Higgs arises only when a non-zero condensate � forms, the con�nement PT and the EWPT

are naturally linked. Nevertheless, until recently, past studies considered them separately,

focusing either on the con�nement PT, described by the dynamics of a dilaton/radion and

relying on a 5D description [28{36,39] as discussed in the previous subsection, or assumed that

the EWPT takes place after the con�nement of the strongly-coupled sector [69,159,172,173].

The con�nement PT is generically very strong, and is known to produce very large GW

signals [29, 32,39]. To study the EWPT in CH, there are therefore two approaches:

� Assume that the con�nement PT happened well before the EWPT and study the two

PTs independently. In this case, EW baryogenesis and GW production can occur by

invoking a non-minimal CH setup featuring an extra singlet [69, 173]. This case is

schematically displayed as (1) in Fig. 9.

� Consider the light dilaton/radion window, in which case the con�nement and EW PTs

can occur simultaneously. In this case, the EWPT is automatically strongly �rst-order,

and this scenario also features CP-violation from varying Yukawa couplings during the
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Figure 9: Sketch of the di�erent possible PT trajectories in CH models. The �eld � sets the

magnitude of the strong sector condensate (corresponding to f today) and h is the Higgs VEV. The

blue points correspond to (meta)stable vacua of the theory, and the black lines show possible PT

trajectories. Path (1) would correspond to the case where the reheat temperature after the new

strongly-coupled sector con�nes is above the EWPT temperature. The EWPT then happens as in

the standard case, after and independently of the strongly-coupled sector. In the other cases (2)

and (3), the reheat temperature is low enough so that EW symmetry is broken at the same time

as the strong-sector. While some early papers have implicitly assumed a path of the type (2) in

Randall{Sundrum models, the calculation of the actual trajectory has been done only recently in

[37, 38] and follows (3). Figure taken from [38].

EWPT, allowing for viable EW baryogenesis even in minimal CH scenarios [37, 38].

This case is schematically represented by paths (2) and (3) in Fig. 9.

We briey discuss these two cases below in the context of LISA.

6.6.1 A strong �rst-order EWPT from an extra singlet in non-minimal cosets

In both the SO(6)=SO(5) [173] and SO(7)=SO(6) [69] CH models, the EWPT proceeds

mainly in two steps, because the new singlet S is mostly pseudoscalar and consequently

S ! �S is an approximate accidental symmetry of the potential. The dynamics of the

EWPT is therefore well captured by the simpli�ed model of Sec. 6.1. The main di�erences

with respect to the generic extra singlet case are:

(i) In CH scenarios, not all values of a2 and b4 are equally likely. Considering explicit mod-

els, [69,174] showed that the most common values are in the range � 0:1{0:5. This result

can be roughly understood from a term in the scalar potential [eg2(Ncyt)�=(4�)2]S2jHj2.

Indeed, a2 � 3eg2=(4�)2� & 0:2 for eg & 3; the same reasoning applies for b4. Therefore,

according to the results discussed in Sec. 6.1, only small S masses are expected to trigger

a strong �rst-order EWPT.
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Figure 13: Sensitivity of LISA to PTs in a dark sector. Shown are regions with an SNR � 10 in the

T�{�=H� plane, assuming runaway vacuum bubbles (red, foreground) or sound wave contributions

only (blue, background) with � = 0:1, and vw = 1 in both cases. Black dots show the location of

the benchmark points. Note that in this �gure slightly di�erent LISA sensitivities were used.

and leave the EWPT largely una�ected. A cosmological PT in such a hidden sector can in

principle occur at any temperature, independent of the weak scale, i.e. the peak of the GW

signal can be shifted almost arbitrarily (we will revisit this statement below).

The possibility of detecting GWs from a PT in a dark sector was explored in [180] in models

of composite dark sectors, and further explored in a variety of other DM scenarios in [69,181{

192]. While of course any hidden sector could be engineered to feature a cosmological PT,

scenarios in which the PT serves a speci�c purpose can yield speci�c predictions for GW

signals at LISA. Examples include models where the baryon asymmetry is generated by a

PT in the dark sector [183], scenarios with spontaneous breaking of a gauge symmetry that

guarantees DM stability [189,190], scenarios where the PT is crucial for obtaining the correct

relic abundance [193,194], or models explaining avour hierarchies [195]. Another interesting

opportunity that arises in this context is the study of anisotropies in the stochastic GW

background that could be detectable for the strongest PTs [196]. If the stochastic GW

background remains the only observable signal from the dark sector, it would furthermore

be important to understand which of its properties can be inferred from the amplitude and

shape of the signal in the future, which was explored for example in [188].

While LISA is most sensitive in the frequency range corresponding to weak- to TeV-scale

PTs, a su�ciently strong signal can be detected for a large range of PT temperatures. In

Fig. 13 we show the regions detectable by LISA with an SNR � 10. Very strong signals arising

from PTs occurring at temperatures from below the GeV scale up to the PeV scale (106 GeV)

are detectable, with the highest sensitivity is to PTs around the weak scale, as expected.

Shown in Fig. 13 are the predicted sensitivity considering only the envelope approximation,

assuming that the PT exhibits runaway behaviour in the dark sector (red region) and the case

45



of a very strong transition in a plasma (� = 0:1, vw = 1) with sound waves dominating the

GW spectrum. Before discussing some concrete examples of models that fall in the detectable

region, a few subtleties regarding PTs in the hidden sector should be noted.

6.7.1 Subtleties with dark sector PTs

Fig. 13 includes the implicit assumption that the temperature of the hidden sector at the time

of the PT is equal to that of the SM photons. While this is a reasonable assumption for most

BSM scenarios, the dark sector might instead be thermally decoupled from the SM at the

time of the PT. The ratio of temperatures rT = Tdark=T, evaluated at Tdark = T�, could in

principle take any value and is in general not conserved throughout the cosmic history. The

e�ect of rT 6= 1 on the amplitude and frequency of the GW signal is somewhat subtle and

was discussed for the �rst time in [191] (see also [192]). Here we summarise the main results.

Obviously in the limit rT ! 0 the energy density in the dark sector is negligible and thus

no observable signal can be produced. In the limit of rT � 1 and for hidden sectors a small

number of new particles, one �nds [191]

� = �0r
4
T ; (43)

�=H� = (�=H�)0 ; (44)

where �0 and �0 are the values of � and � for rT = 1. The energy budget � scales with the

energy density in the hidden sector, as one would expect. Note that while both � and H�
depend on rT , this dependence drops out of their ratio, i.e. the duration of the PT relative to

the age of the Universe at the time of the transition remains unchanged. Overall this results

in a strong suppression of the potential GW signal from a cold dark sector. These are only

the leading e�ects: further e�ects, such as a typically small amount of additional redshifting,

are discussed in [191] .

Another source of uncertainty in predicting GW signals from dark sectors is the applicabil-

ity of the sound wave and turbulence simulations of the GW signal to decoupled dark sectors.

In this case, no turbulence or sound waves can be induced in the SM plasma, and it is unclear

whether existing results can easily be applied to disturbances in the dark sector plasma after

the PT (if a plasma exists at all). This is why in Fig. 13 we separately show the scalar �eld

and sound wave contributions to the GW spectrum. Depending on the concrete nature of

the hidden sector, one or the other should be closer to the truth. In practice even a small

coupling between the dark and visible sectors is su�cient to maintain thermal equilibrium

between the two sectors. Therefore if rT = 1 one can trust the existing simulations with the

same level of con�dence as for most other BSM scenarios considered here.

As a concrete application, in [191] two of the simplest hidden sector models featuring a

�rst-order PT were studied, namely a dark photon that receives its mass from spontaneous

symmetry breaking, and a simple model of two real singlet scalars. These models are mini-

mal in terms of particle content, while other models often require either higher-dimensional

operators or additional �elds in order to exhibit a �rst order PT. In Fig. 14 the transition
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Fi g ur e 1 5: R e a c h of  LI S A f or g a u g e d l e pt o n n u m b er  D M  m o d el ( r e d s h a d e d r e gi o n), fr o m [ 1 9 0 ].

L E F T:  R e s ult s f or a p u r e a b eli a n  Hi g g s  m o d el  wit h v Φ = 2  Te V.  RI G H T:  T h e  Y u k a w a c o u pli n g s ar e

c h o s e n s u c h t h at t h e c or r e ct  D M a b u n d a n c e i s o bt ai n e d.  T h e r e gi o n b el o w t h e h ori z o nt al d a s h e d

li n e s  will b e p r o b e d b y  X e n o n 1 T, f or t h e i n di c at e d v al u e of t h e  D M  mi xi n g a n gl e.  N oti c e t h at i n

t hi s fi g u r e sli g htl y di ff er e nt  LI S A s e n siti viti e s  w er e u s e d.  F or  m or e d et ail s, s e e [ 1 9 0 ].

t h e  P T  wit hi n r e a c h of  LI S A.

I n t h e si m pl est c as e, t h e e ff e cts of t h e  Y u k a w a c o u pli n gs of  Φ t o t h e n e w l e pt o ns c a n b e

n e gl e ct e d, a n d t h e  P T d e p e n ds o n o nl y t hr e e p ar a m et ers,  w hi c h c a n b e t a k e n t o b e v Φ a n d

t h e  m ass es of t h e U ( 1) L g a u g e b os o n Z L a n d t h e r e al s c al ar φ .  A  P T s u ffi ci e ntl y str o n g s o

as t o b e d et e ct a bl e b y  LI S A r e q uir es a si z e a bl e hi er ar c h y of  m ass es m Z L
/ m φ ≈ 4 − 1 0,  wit h

m Z L
t y pi c all y a b o v e a  Te V, as c a n b e s e e n i n  Fi g. 1 5. S u c h a h e a v y l e pt o p hili c g a u g e b os o n

is di ffi c ult t o d et e ct at t h e  L H C, b ut is c ert ai nl y  wit hi n r e a c h of a hi g h e n er g y l e pt o n c olli d er

s u c h as  C LI C or a f ut ur e 1 0 0  Te V h a dr o n c olli d er li k e  F C C- h h.  D et e ct a bilit y of t h e s c al ar

d e p e n ds o n its  mi xi n g  wit h t h e S M  Hi g gs,  w hi c h h er e is ass u m e d t o b e s m all i n or d er t o l e a v e

t h e  E W P T u n a ff e ct e d.

I n cl u di n g t h e l e pt o n  Y u k a w a c o u pli n gs, a n d i n p arti c ul ar s etti n g t h e  D M  m ass s u c h t h at

it r e pr o d u c es t h e c orr e ct r eli c a b u n d a n c e, h as a n i nt er esti n g e ff e ct o n t h e p h e n o m e n ol o gi c al

pr e di cti o ns, n a m el y t h e r e gi o n i n t h e m φ – m Z L
pl a n e t h at c a n b e pr o b e d b y  LI S A is i n cr e as e d

si g ni fi c a ntl y, as s h o w n i n  Fi g. 1 5.  W hil e s e ar c h es f or l e pt o p hili c  D M at c olli d ers is n ot ori o usl y

di ffi c ult, t h e  w h ol e p ar a m et er s p a c e is i n pri n ci pl e d et e ct a bl e b y  X e n o n 1 T [ 1 9 8 ] or ot h er f ut ur e

dir e ct d et e cti o n e x p eri m e nts.  As f ar as c o m pl e m e nt arit y  wit h  LI S A is c o n c er n e d, h er e t h e

P T is n ot ess e nti al f or pr o d u ci n g or s etti n g t h e  D M r eli c a b u n d a n c e, a n d as s u c h o n e c a n n ot

c o n cl usi v el y pr o b e t h e  m o d el  wit h  G Ws al o n e.  H o w e v er., o n e c o ul d f or e x a m pl e e n visi o n a

s c e n ari o  w h er e Z L is f o u n d at a f ut ur e c olli d er b ut t h e c orr es p o n di n g s c al ar φ r e m ai ns el usi v e.

O bs er v ati o n of a si g n al i n  LI S A c o ul d t h e n p oi nt t o t h e c orr e ct  m ass r a n g e f or t h e s c al ar,

a n d t h us ai d i n its dis c o v er y.  T h e S N R v al u es f or s e v er al b e n c h m ar k s c e n ari os ar e s h o w n i n

4 8
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� We have investigated a wider range of speci�c models, taking into account recent ex-

perimental results and constraints that impact the parameter space relevant for LISA.

As our understanding of GW production at cosmological PTs is rapidly evolving, we have

presented an online tool, PTPlot, to allow the BSM community to accurately determine the

detectability of a given model at LISA under the above assumptions. This tool was developed

by D. Weir and will continue to be updated as new results become available.

In addition to the advancements described above, we have attempted to clarify common

misconceptions in the literature (e.g. the de�nition of �, the percolation temperature, deter-

mination of �=H�, appearance of runaway bubble walls, etc.) and identify important open

questions relevant for LISA. Our analysis is mostly based on the GW spectrum as observed

in hydrodynamic simulations. These simulations are the state-of-the-art when it comes to

PTs with moderate wall velocities and latent heat. One open question is the form of the GW

spectrum generated at very strong PTs, as well as the impact of turbulence and magnetic

�elds. Furthermore, when it comes to the dynamics of the bubble walls, the wall velocity in

these simulations is determined from a phenomenological friction term. Ab initio calculations

of this friction is in many models still lacking. The stability of the bubble wall front is also

a topic that is debated in the literature [199{209]. Additionally, there remain several open

questions regarding perturbative calculations of the PT parameters. Computations of �, �,

and Tn relying on the conventional e�ective potential approach can be subject to large un-

certainties. Nonperturbative results are becoming available for more models, however PTs

strong enough to be detected by LISA remain challenging to reliably simulate on the lattice.

In light of these developments and uncertainties, we have argued that LISA remains a

powerful tool for exploring BSM scenarios predicting �rst-order cosmological PTs. The models

we have considered are motivated by various compelling arguments (e.g. the existence of

dark matter, the hierarchy problem) and represent only a fraction of scenarios that can be

probed by LISA. We have found that in some cases, LISA will be able to explore parameter

space also accessible by future experiments, such as the high-luminosity LHC or dark matter

searches, allowing for an exciting chance of simultaneous discovery at multiple experiments.

In other models, LISA is likely to provide the most sensitive probe. Our results emphasize

LISA's importance for exploring the early Universe and BSM physics, as well as the Mission's

complementarity with other experimental e�orts.
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A Phase transition parameters from the lattice

In this appendix, we discuss nonperturbative determinations of the PT parameters relevant

for LISA. As mentioned in the main text, the starting point for nonperturbative studies of

a �nite temperature PT is dimensional reduction, in which a 4D theory is matched onto a

corresponding 3D theory. This matching can be done perturbatively and has been performed

at one to two loop accuracy in the SM and several other models to date [66, 88,114,116{118,

155, 210, 211]. In this procedure, a choice of 3D theory must also be made, specifying which

degrees of freedom should be integrated out, and which �eld operators should be included.

Once a model is dimensionally reduced, it can be studied either in 3D perturbation theory

or, more accurately, on the lattice. The latter constitutes a completely non-perturbative

approach, and allows a detailed (in principle exact) investigation of the phase diagram of the

DR theory. This procedure involves the \constrained" e�ective action

e��[f �Oig] =

Z
Df�ige�S3[f�ig]�(fOi � �Oig); (45)

where O(f�ig) are now certain gauge-invariant operators used as approximate order param-

eters of the transition (O = �y�, . . . ). The method allows us to compute the PT order

and strength, the critical and nucleation temperatures28 (Hn), latent heat (�) and bubble

nucleation rate (�). Once the phase diagram for a given 3D e�ective model has been deter-

mined, di�erent 4D models may be mapped onto it, allowing us to extract non-perturbative

information about 4D PTs in a wide class of models from simulations of the same 3D theory.

28Note that strictly speaking, existing lattice studies provide values of the nucleation temperature [212],

not the transition temperature reected in (5). However, for PTs that have been studied nonperturbatively

to date, these temperatures are not expected to di�er signi�cantly. Therefore, in discussing nonperturbative

results throughout our study, we do not distinguish between Tn and T∗.
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The EWPT in the SM was �rst studied using these methods a few decades ago. For the

SM, the 3D action is

S3 =

Z
d3x

�
1

2
TrWrsW

rs + (Dr�)yDr�+m2
3�
y�+ �3(�y�)2

�
(46)

(here Wrs is the 3D SU(2) gauge �eld strength and the \3" subscripts refer to 3D quantities).

Through the matching procedure, the parameters g3 (in the covariant derivative), �3 and m3

can be expressed as functions of the 4D parameters and T . The e�ective action in (46) ne-

glects higher-dimensional operators, such as (�y�)3, introduced by the dimensional reduction

because in the SM their e�ects are small [211]. De�ning x = �3=g
2
3 and y = m2

3=g
4
3, lattice

studies have shown that the 3D theory (46) features a �rst order PT for y ' 0, 0 < x < 0:11,

while it predicts an equilibrium cross-over elsewhere (y ' 0, x > 0:11.) [2]. In addition to

the equilibrium properties of the PT (such as � and Tc), it is also possible to compute the

nucleation rate non-perturbatively in a 3D DR theory. This was done some time ago for the

SM with an unphysically light Higgs mass [212] and for the cubic anisotropy model (similar

to a 2-scalar �eld model) [213].

For the observed value of the Higgs mass, x > 0:11 in the SM and the methods described

above predict a smooth cross-over. However, in certain regions of parameter space, scenarios

beyond the SM can be matched on to the 3D e�ective theory described by (46). One can

thereby extract information about the phase structure in BSM theories from existing SM

lattice studies. In order for (46) to be an accurate description of the long distance physics,

the new degrees of freedom introduced in the model should be heavy at the PT (so that

they can be integrated out), new contributions to higher-dimensionalal operators induced by

integrating out the new �elds should be small enough to neglect, and couplings should be

small enough so that the perturbative matching procedure of DR accurately described the

underlying theory. This matching onto the theory described by (46) has been performed for

the singlet, doublet and triplet models (discussed further below) and existing lattice results

used to study the phase structure in certain regions of parameter space. In each case, these

studies [88,89,115{117] have found phenomenologically viable regions of the parameter space

predicting a �rst-order PT.

The 3D theory described by (46) can only go so far in describing BSM scenarios. As

emphasized in e.g. [89,117], requiring higher-dimensional operator e�ects to be small and new

light �elds to not play a dynamical role at the PT limits the parameter space in extensions of

the SM that can be accurately studied by (46). In fact, [89] recently argued that any model

mapping on to the 3D description of (46) and for which higher-dimensional operators can be

safely neglected results in PTs that are too weak to yield detectable GW signals at current and

planned GW experiments. Instead, nonperturbative predictions for LISA require simulations

of models involving either additional light dynamical �elds or sizable modi�cations of (46)

from higher-dimensional operators.

To date very few 3D theories besides (46) have been studied nonperturbatively. Examples

include the 2HDM, which introduces an additional SU(2) Higgs doublet �eld to (46), and the
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MSSM, for which the 3D theory includes two SU(2) Higgs doublets and one SU(3) triplet,

corresponding to the right-handed stop �eld. In the 2HDM, [67] con�rmed that there are

phenomenologically viable parameter space points predicting a relatively strong �rst-order

PT. The parameters considered in the latest non-perturbative MSSM study [118] also yielded

a strong �rst order PT, somewhat stronger than that indicated by a two-loop perturbative

analysis, however, the parameters considered in [118] are already excluded by experimental

data.

Currently, no existing nonperturbative studies consider PTs strong enough to predict an

observable signal at LISA. Virtually all BSM studies relevant for LISA have instead used the

conventional 4D perturbative approach, which can yield signi�cant inaccuracies in the pre-

dicted PT parameters. For example, the parameter space points in the singlet and doublet

models studied nonperturbatively in [89, 117] typically feature factor of 2-3 di�erences in the

predicted values of � (de�ned in terms of latent heat) between the 4D perturbative and 3D

nonperturbative approaches. Some di�erences in the predictions stem from the treatment of

IR divergences in the 4D theory and can therefore be cured by a 3D perturbative treatment.

Inaccuracies can also arise from the neglect of higher-dimensional operators in 3D, or from

large couplings limiting the accuracy of the perturbative matching procedure in DR [89]. How-

ever, even predictions from the two-loop dimensionally reduced e�ective potential of a given

3D theory can di�er substantially from the corresponding lattice results. For example, [117]

found a � 20% discrepancy in the determination of � for one of the 2HDM benchmark points

considered, while [89] found a similarly-sized discrepancy in the predicted value of �=H for a

representative point in the singlet model.

On the one hand, these comparisons suggest that perturbative approaches can give a

reasonable estimate of the PT parameters (at least at the order-of-magnitude level), which

can in turn be used to roughly determine the prospects for observing GWs in a given model at

LISA. On the other hand, more quantitatively accurate predictions for LISA will in many cases

require new model-speci�c nonperturbative studies. Improving the accuracy of the predicted

GW parameters will be important for constraining models in light of LISA data, and will

become especially crucial for interpreting results if a stochastic GW background consistent

with a cosmological PT is observed.
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