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Abstract

This thesis studies first-order phase-transition dynamics and the associated stochastic
gravitational-wave background in classically conformal B — L-like extensions of the Stan-
dard Model. The scalar and gauge sectors are formulated at tree level and at one-loop
order using a modified on-shell renormalization prescription designed to keep the vacuum
structure fixed while allowing the tree-level flat-direction scalar to acquire a loop-induced
mass. The finite-temperature effective potential is then used to analyse supercooled first-
order phase transitions and the resulting gravitational-wave spectra. Numerical bench-
mark studies are performed with the Python package TransitionSolver. For the limited
benchmark points considered here, the predicted gravitational-wave signals are below the
projected detectability of LISA and current pulsar-timing-array searches. These results
should therefore be interpreted as an exploratory benchmark analysis rather than as a
general exclusion of the model class.



Popular description

The Standard Model is the central theoretical framework of particle physics. It describes
the fundamental particles that give rise to all known matter in the universe; quarks that
give rise to baryons like protons and neutrons, leptons such as the electron, and bosons
such as the photon or the Higgs boson. Crucially, it has always been known to be limited,
lacking explanations for dark matter, gravity and more. This was felt in September 2015,
when a gravitational wave passed through the earth, measured by the gravitational wave
measurement experiment LIGO [1]. Waves of gravitational radiation, known as gravita-
tional waves, have been theorised, derived from Einstein’s equation of general relativity [2],
yet it took one hundred years to finally measure one, resulting in the Nobel Prize in physics
in 2017. Predictably, fervour for research into gravitational waves skyrocketed, resulting
eventually in this thesis.

The gravitational waves detected at LIGO were the result of two black holes merging; how-
ever, this is not the only possible origin of gravitational waves. In the early universe, the
plasma filling the universe was in an excited state. As the universe expanded and cooled,
the plasma began to transition, from the excited state, to the true vacuum of the universe
known to us.

This thesis investigates an extension to the Standard Model of particle physics by an
extra force and an extra Higgs-like boson. In the Standard Model, electromagnetic charge
conservation gives rise to the (gauge) boson governing electromagnetic interactions, the
photon. Analogously, the extra force introduced causes the conservation of the difference
between baryon (B) and lepton (L) numbers, B — L is conserved in any interaction of this
model, giving rise to a new gauge boson. The B — L model is widely studied, both due
to its simplicity, and due to its wide range of applicability, giving an explanation for dark
matter [3, 4], the matter anti-matter asymmetry in the universe [5, 6], and gravitational
waves from the early universe |7} |§].

The plasma’s transition from the excited, false vacuum, to the true vacuum, happens spon-
taneously, and is dictated by the Higgs and B — L contributions. The transition occurs,
leaving behind bubbles of the true vacuum, which rapidly expand, until the universe is
entirely filled with true vacuum, as we know it today. This rapid motion of the bubbles
through the plasma, and collisions of bubbles with each other, results in large amounts of
energy being released, in the form of gravitational waves [9,|10]. These gravitational waves,
arising from the predictions of the B — L model, are numerically calculated, and then com-
pared to the data of gravitational wave discoveries [11-14], and the measurement range of
the planned gravitational wave detector LISA [15| |16]. If a gravitational wave signal with
compatible properties were detected in the future, it could provide important evidence for
physics beyond the Standard Model and help constrain models of this type. However, such
a signal would not by itself uniquely confirm the model, since different models can lead to
similar gravitational wave spectra.
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1 Introduction

The Standard Model (SM) of particle physics has undoubtedly been extremely successful
since its introduction. It accurately describes the electroweak and strong forces, predicted
the Higgs boson and much more [17]. Nonetheless, it is limited; it lacks explanations for
gravity, dark matter, baryon asymmetry, and the hierarchy problem [1§]. Countless new
theories have been proposed to remedy some or all of these issues, such as supersymme-
try, string theory and many others. In this thesis, the focus will be on a simple U’(1)
extension of the Standard Model. The extension discussed is a classically conformal model
which introduces a new gauge symmetry, baryon minus lepton number (B — L), with the
introduction of three generations of right-handed neutrinos (vg), required for anomaly
cancellation, and a complex Higgs singlet S that breaks the new gauge symmetry |19, 20].
In the full B — L framework, the right-handed neutrinos can participate in neutrino-mass
generation through a seesaw mechanism and, in suitable variants, may also be connected to
dark-matter phenomenology [3, 4, 21} [22]. In the simplified setup analysed below, however,
the right-handed-neutrino Yukawa couplings are neglected, so the focus is on the scalar
and gauge sectors and its phase-transition dynamics. The breaking of the B — L gauge
symmetry gives mass to the new Z’ gauge boson. In the most general Abelian sector,
the new gauge field may mix with the hypercharge gauge field, although this mixing is
neglected in the simplified analysis. The effective potential, a real scalar function, that
is constructed from the classical scalar fields, is used to determine when the symmetry
is spontaneously broken. Furthermore, the B — L model has often been considered a po-
tential explanation for the stochastic gravitational wave background (SGWB) |7, 8} 23, |24].

Cosmological First Order Phase Transitions (FOPT) describe the rapid transition of the
plasma in the early universe from a local minimum, the false vacuum, to the global mini-
mum, the true vacuum. The FOPT causes the nucleation and expansion of bubbles of true
vacuum. The three main sources of gravitational waves (GWs) from the early universe are:
bubble collisions, sound waves, and turbulence |2, 8H10]. As gravitational waves are not
absorbed, and are only affected by the expansion of the universe, which redshifts the waves,
they provide a lot of information about processes in the very early universe, the sources
of which have long since disappeared. The detection of gravitational waves has been a
growing area of focus since the detection of gravitational waves at the LIGO experiment
in 2015 [1], leading to the development of new tools to investigate GWs. The SGWB can
be searched with the planned LISA instrument [15, [16], and compared to NANOGrav [12]
and other pulsar timing array (PTA) data to constrain or motivate regions of the model
parameter space [10} |11} 25].

This thesis is structured as follows: In the first section, Section [2 the modified B — L
model used is described analytically, and the masses of the gauge and scalar bosons are
derived, first at tree-level, then at one-loop level for zero-temperature, where a modified
on-shell (OS) scheme is implemented. Finally thermal contributions are included, both



finite temperature contributions and summing over leading infrared-divergent terms,; in a
process called Daisy resummation, via a method called the Arnold-Espinosa Method [26].
The next section, Section [3} describes the fundamental dynamics of FOPT and of the ther-
modynamic parameters. Then the focus is set on supercooled FOPT specifically, and the
mechanisms of gravitational wave production are described. Finally, the implementation
of the model, obtained from the python module TransitionSolver [27-29], is described.
The numerical results obtained from TransitionSolver are evaluated in Section 4 The
findings are summarised and concluded in the final section, Section [5, with any relevant
additional material to be found in the Appendix.

2 Model description

2.1 B — L Model

The model discussed is a classically conformal extension of the Standard Model by a
U'(1)p_1 gauge group that governs the B — L symmetry, such that our model can be
written as a combination of gauge groups SU(3).xSU(2),xU(1)y xU’'(1)g_r. The particle
content consists of the SM fields, three generations of right-handed neutrinos (RHNs), a
complex scalar singlet S with B — L charge x¢ = 42, and the corresponding massive
gauge boson 7' after spontaneous B — L breaking. In the full minimal B — L model, the
Yukawa interaction Svgrg gives Majorana masses to the RHNs after S obtains a vacuum
expectation value [8]. In the simplified analytical setup used here, these Yukawa couplings
are set to zero, so the RHNs are retained for anomaly cancellation but do not contribute to
the effective potential. The particles and their charges under each gauge group are listed
in Table (1| below, adapted from Ref. [20].



Field SU(3). SU(2);, U(l)y U'(1)p_r,
qL 3 2 3 1
UR 3 1 2 3
dr 3 1 -1 L
5 1 2 -3 -1
er 1 1 -1 -1
VR 1 1 0 -1
H 1 2 5 0
S 1 1 0 2

Table 1: Particles and their charges in the SM x U’(1)p_1, model, including the singlet S,
and three right-handed neutrinos required for anomaly cancellation.

The model is verified to be gauge and gravitational anomaly-free by checking it against the
conditions presented in [19], with the calculations shown explicitly in Appendix . The
scalar field charges do not enter the anomaly sums, as only chiral fermions contribute to
the gauge and mixed gravitational anomalies. The scalar fields are included in Table (1| for
completeness, and due to their contribution to the gauge boson masses.

2.2 Gauge boson mass

The covariant derivative is defined as:

D, =0,—inYB, — iQQ%AZ — ig;;%Gz‘ — ig122 B, — ingB; — igB,LxB;L. (2.1)
Here Y denotes the usual SM hypercharge, with Q = T35+ Y, o, and A\, are the Pauli and
Gell-Mann matrices respectively, and = denotes the B — L charge. The parameters g,
and g9 describe the kinetic mixing between U(1)y and U’(1)p_y, after the Abelian kinetic
terms have been diagonalized. In the simplified analysis below these mixing effects are
neglected, as they are constraint to be very small [30]. The remaining parameters g1, g2, g3
and gp_r, are the gauge couplings of U(1)y, SU(2).,SU(3). and U'(1)p_, respectively.
Furthermore, the Higgs and S scalars are defined as

_ L wi e, 1 ;o
H_E(cbwhwmh)’ § = 500 + I+ iag). (2.2)

The fields ¢, and ¢, constitute the background fields, while h,, h! are quantum excitations
about the minima, and wy, ws, ay, and a, give rise to the Goldstone bosons G, G, and G5

3



respectively. Around the broken vacuum, G+ and G are associated with the electroweak
gauge bosons, while G5 is associated with the broken U(1)p_; symmetry and is absorbed
by the Z’.

From this the Hessian My* is found by expanding |D,H|? and |D,S|?, which in the basis
(AL A2 B, A3, B} ® {AL, A2 B, A3 B'}is

2 jz

g9 0 0 0
0 24 g 0 0
4 2 12 2 2
My? = 0 0 % _% % . (2.3)
_ 91920 g3 _ 9201207
0 0 4 2 4 2 2 2 4
0 0 919112% _929112% _glid)h + 4QQB—L¢§

For the rest of this paper, g1 is set to zero, as it is experimentally constraint to be very
small [30]. The eigenvalues of My ? provide the field-dependent masses of the gauge bosons.

9397 (93+93)03
M?=0, Mg, =22 M, ="p=h Mz, =493 6.

2.3 Effective Potential

The effective potential plays a crucial role in this analysis as it causes the phase transition
discussed later on. The scalar singlet S causes U(1)_; symmetry breaking via its vacuum
expectation value. In a classically conformal Gildener—Weinberg-type setup, the tree-level
potential contains a flat radial direction. The corresponding massless scalar is the ”scalon”
o, the pseudo-Goldstone boson associated with spontaneously broken classical scale invari-
ance. In the limit v, > vp,, where v, and v, are the vacuum expectation values (VEVs)
for the Higgs and o bosons, this state is mostly singlet-like and acquires a mass through
loop corrections.

2.3.1 Tree-Level Potential

The simplified B — L model discussed is a classically conformal model, as the tree-level
potential contains only quartic terms. The tree-level potential is given by the scalar part
of the Lagrangian, as Lscalar = 1" — Viree, With T' containing the kinetic terms.

Viree = A[HIH]® + A [S*S]? + Mo [HIH - S*S]. (2.4)

Equation is expanded with the expressions for H and S, given in Equation
The tree-level potential is then analysed, and a Hessian matrix is calculated in basis
{wbw% hr7 h;: Qp, a’o} ® {wla w2, h"r) h;» Ap, aa}-



A2 + dnste 0 0 0 0 0
0 An2 + Data 0 0 0 0
ML= 0 0 B\dh + 5% Mg, 0 0
| 0 0 MoOnds Ao + N3 0 0
0 0 0 0 A2 + etz 0
0 0 0 0 0 o2 + 2eth

(2.5)
When diagonalised, we obtain the field-dependent masses, with notation following [8|,
M = 2(6An07 + Mo ®h + Ao dZ + 60002 — A),

Mg = %(6)\h¢% + Ahaqsi + )‘ha¢3 + 6)‘0¢§ + A)a

A= \/(_6)\h¢}% - Aha@% - Ahoﬁbg - 6)‘0¢g)2 - 4(6)\h)\ha¢;t + 36/\h>‘a¢}2l¢g - 3/\%0(;5}2#53 =+ 6)\ha/\a¢(47)7

ME, = Mg+ 5% ME, = Moo? + M5 MR, = Mg} + M5

At tree-level minimum, the mass matrix Mg? has one massive eigenstate, which we as-
sociate with the observed Higgs boson, and five massless eigenstates. One is the massless
flat-direction state of the "scalon” we identify as o [31], the remaining massless modes are
gauge Goldstone modes. The o is not associated with a gauge boson, rather it obtains a
physical mass through one-loop level corrections.

Imposing the conditions
d‘/;ree

dwl Ph=Vh,Po=Vq

=0, (2.6)

at (én, b5) = (vn,v,), which are known as the tadpole conditions at tree-level. Together
with the requirements that M2 has massive eigenstate M?, and massless Goldstone and
flat-direction states at tree-level, these conditions determine the quartic couplings.

M2 Mv? M}

N\ = —— o A= ————, Ao = ——5——. 2.7
b SRR+ 2) 2R+ R T e 27)

The rotation matrix R that rotates Mg? from flavour to mass eigenstate,

10 0 0 00
0 1 0 0 00
0 0 o 00
R= Vs “W’? (2.8)
00 \/U}% +ov2 \/vh +ov2 00
0 0 0 0 10
0 0 0 0 01



The matrix RTM2R at the minimum is thus

)
)

R"M*R = (2.9)

oS O O O O
o O O O O
OOO}%OO
O O O O oo
O O O O oo
O O O o oo

clearly demonstrating that the Goldstone bosons, G, G5, and G4, and the pseudo Gold-
stone boson o are massless at tree-level at the minimum.

2.3.2 Omne-Loop Corrections

The effective potential, at zero temperature, is the sum of the tree level and one-loop level
contributions,
‘/eff - ‘/tree + VCW + VC’T- (210)

The Coleman-Weinberg contributions are the effective potential corrections at one-loop
level (8,32, 33],

. ]' 2Sq 4 Mg o
Vow = ¢ ;( 1)%QuN, (25, + 1) M (log ( - ) ca). (2.11)

Here s, is the spin of particle a, ), is 2 for charged particles, and 1 for uncharged particles,
N, is 3 for particles with colour, and 1 for particles without colour, and ¢, is % for fermions
and scalars, and % for vectors. p is the renormalisation scale, and M, is the field-dependent
mass of particle a.

The counterterm potential is set up as described in [33], following the description of the
on-shell scheme, as carefully described in Refs. [34, [35], with modification to account for
the massless physical scalar at tree-level.

Ver = Viseelh = 60) + 6Th(6n + hy) + 6T, (6, + 1) + 62 (HIH) + 642(5°S)  (2.12)

Renormalisation conditions are imposed, which at one-loop level are

8(VCW + VCT)
a¢z Ph=Vh,Po=Vq

=0, (2.13)

which are the tadpole conditions at one-loop level. From this, 67}, and d7, are determined.
Then the Hessian of the one-loop corrections is found, and as per definition, the masses
at one-loop level in an on-shell-like scheme are equal to the tree-level masses, besides o,
which acquires mass at one-loop as a pseudo-Goldstone boson. The remaining counterterm
constants are found following the constraints on the one-loop mass corrections,

2
O*(Vew + Vor) — diag(0,0,0, (M")2,0,0). (2.14)

RT
a¢lawﬂ Oh=Vph,P6=Vo
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The one-loop Hessian is rotated by the same rotation matrix R as shown in Equation
,and it is set to equal matrix M3_,, that gives the one-loop corrections,

M2 = (2.15)

coocooo
coocooo
coocooo

—
ooqi\ooo

N

[\
cooocoo
cCooooo

Here M! is the mass assigned to o at VEV by the modified on-shell prescription. The
remaining counterterms are determined from the Hessian, and are reproduced in full in the

Appendix

2.3.3 Finite-Temperature Corrections

The thermal functions for bosons and fermions respectively are

Ts(y) = / dk k?log (1 - e_\/k2+y> ,

0 (2.16)
Jr(y) :/ dk k*log <1+e*v’f2+y),

0

2
with y = % Using the thermal functions, the finite temperature corrections can be

written as
T M M?

where n;, and ny are the corresponding bosonic and fermionic multiplicities.

The leading infrared divergences can be summed over in a process called 'Daisy resum-
mation’, where the divergences are treated to arise from thermal mass corrections [2].
The 'Daisy resummation’ method used here is the Arnold-Espinosa method, which can be
written as follows, up to field-independent terms [26],

: (2.17)

T

121 &
B

Vbaisy = [(ME+115)% — ME]. (2.18)

Here, B describes the bosons receiving thermal corrections. Gauge bosons only receive ther-

mal corrections to their longitudinal masses, while transverse masses remain unchanged.
The thermal self-energy correction for boson B are Il , as listed in [7, 125, 36}, 137],



11 11 11 7
H = —ng2 Hwi = —92T2 Hzo = —g2T2 HZ’ = —g%iLTQ,
6 6 6 2
392 +91 Ly A Ao 2
I, = | ———— — T,
( 16 +4yf MR

)\a
95 L+ §>T27

305 + g3 A Ao
(2 Ly Sz 2y 2o 2,

(2.19)

1
4 2 6

>\a
95 L+ g >T27

395 + 1 A Ao
HGi:(ng—fj%+Zyt2+ )T

Thus the full effective potential, Vog, can be constructed as shown in Equation [2.20]
Vet = Viree + Vow + Ver + Vi1 + Vbaisy (2.20)

The full effective potential is plotted at background condition, for varying values of M,
both at T = 0 GeV, and at T = 500 GeV, as shown in Figure [I| and Figure 2l The
standard plotting parameters used for all plots in this section, unless specified otherwise,
are given in Table

Plotting Parameter Constant Used
v, 246 GeV
M, 125.1 GeV
Pn U,
Uy 1000 GeV
M, 450 GeV
g1 negligible for illustrative purpose
Go negligible for illustrative purpose
9B-L 0.3
M Vo
Yt 1

Table 2: The standard plotting parameters used for graphs.
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Figure 1: The effective potential for varying Figure 2: The effective potential for varying
M! and T'= 0 GeV. M! and T = 1500 GeV.

The minima in Figure , do not move for different values of M/, as fixed by the modified
on-shell scheme, however, the minima shift as temperature increases, as shown in Figure
2] as the thermal corrections modify the shape of the effective potential, as expected from
Equation [2.1§

The full effective potential is plotted for different temperatures, showing features vital to
the FOPT discussed later in Section [3] Figure [4] illustrates the high-temperature regime,
where the origin is the relevant minimum. As the universe cools, a second minimum away
from the origin develops; near the critical temperature the two minima become degenerate,
and below it the broken minimum becomes energetically favoured, as illustrated in Figure

B3l

Verr (GeV*) Ver (GeV*)
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S 650 GeV I 1200 GeV
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6x101° 1 750 GeV 1300 GeV
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g (GeV)
200 400 600 800 1000 1200 1400

Figure 3: The effective potential for varying Figure 4: The effective potential for varying
T, demonstrating the formation of the false 7', demonstrating the global minima at the
and true vacuum. origin for high temperature.

The effective potential is plotted for differing values of gg_r, shown in Figure [5| demon-
strating the modified on-shell schemes characteristic of not shifting the minima from v,, a
feature further seen in Figure [6] where different values of v, are plotted.
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Figure 5: The effective potential for varying Figure 6: The effective potential for varying
ge_r and T'=0 GeV. vy and T = 0 GeV.

3 FOPT and gravitational waves

At non-zero temperature, the shape of the effective potential changes, as illustrated in Sec-
tion [2.3.3] At sufficiently high temperature the origin is typically the preferred minimum,
but as the universe cools, a second minimum can develop away from the origin. Near the
critical temperature T, the two minima are degenerate, and below T, the broken minimum
becomes energetically favoured while the origin may remain as a metastable false vacuum.
Below T., quantum tunnelling and thermal fluctuations can nucleate bubbles of the true
vacuum.

Another relevant temperature is the percolation temperature, which is defined as the tem-
perature at which the true-vacuum bubbles fill enough of the universe to form a connected
network [8]. A commonly used criterion is the true vacuum fraction 1(7},) ~ 0.34 |29,
38]. Lastly, the nucleation temperature is the temperature at which the nucleation of true
vacuum bubbles begins.

The bubble nucleation rate is commonly approximated as |7}, 8, 39],

3/2
I(T) ~ T4(i) / e~/
27T

Therefore, the nucleation temperature, 7,, can be estimated by roughly requiring one
critical bubble per Hubble volume, a sphere with radius r = HLT, per Hubble time, HLT, 8,
25|,
r
_ =1,
Hilyg,

where Hr is the Hubble parameter.
S3 is the action of the bubble, such that

1/do\?
Sy = 47r/r2d7"(§ (d—f) Vg (6, T) — veﬁ(d;f,T)). (3.1)
The action is minimised by the bounce solution ¢(r), which obeys [2, 40|
W _ o 2d5 dg
dé  dr?2  rdr’  dr

=0, ¢(r— o00)=0¢y. (3.2)

r=0
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¢y denotes the field value of the false vacuum. GWs created by FOPT can be described
using five thermodynamic parameters; transition temperature, transition strength, reheat-
ing temperature, bubble wall velocity, and characteristic length scale [2, |11, 41].

The transition temperature, T, is the temperature at which the phase transition is eval-
uated for the gravitational-wave calculation. In the rest of this thesis, subscript ’x’ refers
to evaluation at T" = T,. For rapid transitions one often uses the nucleation temperature
T,,, whereas for strongly supercooled transitions the percolation temperature 7, is usually
more appropriate, because gravitational waves are mainly generated when bubbles have
grown and started to collide [2]. This choice is discussed further in Section [3.1]

The transition strength a measures the released vacuum energy density relative to the
radiation energy density of the plasma. Larger values generally lead to stronger GW
signals, although the final amplitude also depends on the wall velocity, efficiency factors
and the characteristic length scale. A commonly used estimate is [2, 2§]

AV;H(T*) — %A(aT‘/;g>T 7'('2 4
e * ra T* _ — *T* 3 33

Here AX = X (¢, T.) — X(¢s,T*) denotes the difference between the false- and true
vacuum values, where ¢, is the true vacuum field value, and the derivative is evaluated at
T.. Here g, is the effective number of degrees of freedom (dof) at the end of the phase
transition, this includes the dof of the SM, the o scalar, and the massive Z’ gauge boson [8,
10]. The effective degrees of freedom, g, can be approximated to g, ~ 100 for T' > 100 GeV
[42].

The reheating temperature Try characterizes the temperature of the radiation bath after
the latent vacuum energy has been released. Tgry is evaluated as follows [43], which can
be approximated for strongly supercooled transitions,

o\ /2

Ol

« 1

>
~

=

, T(1+an)', (3.4)

where T, describes the decay rate of the ¢, field [44], but this decay width is not computed
explicitly in the benchmark analysis in Section [4] The other thermodynamic parameters
are not affected by Try, and thus are to be taken at transition temperature [2} §.

The bubble wall velocity, v,,, is the speed at which the front of the FOPT progresses [45].
This parameter is an important input for the gravitational-wave spectrum, as discussed
further in Section 3.3

The characteristic length scale R, describes the mean bubble separation [10]. Some sources,

such as Ref. [§] use the inverse time duration, HLT,,’ where HiTn = Tnd%%’T:Tn 9], which
can be defined in terms of R,,
(s )% max (v, Cs) (3.5)
Hoo H.R. '
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¢, is the speed of sound in the plasma.
As the thermodynamic parameters are very different based on which model is considered,
they will be discussed more in depth in Section [3.1]

3.1 Supercooled FOPT

Supercooling describes a process where the false vacuum remains stable much beyond the
critical temperature, thus, supercooled FOPT occur for the transition temperature, 7T, <
T.,[5,[7]. The reference temperature used is the percolation temperature 7}, as the FOPT is
very slow [29],[38], see also Figures [10] [12]in the appendix [D] The reheating temperature,
Try, for strongly supercooled FOPT is Try =~ T,(1 4+ «)i,where after percolation the
universe reheats to a radiation dominated space [41]. For very strong transitions it is
common, but still model-dependent, to approximate the bubble walls as ultra-relativistic,
Uy = 1[9, 146].

3.2 Gravitational-wave production

The energy released during a FOPT is distributed among scalar-field gradients, bulk mo-
tion of the plasma, and reheating. The three distinct processes resulting in gravitational
waves are:

(i) collisions of the bubble walls, (ii) sound waves in the plasma, and (iii) magnetohydrody-
namic turbulence [8,9, 47, 48]. The gravitational waves produced through these processes
contribute to the stochastic gravitational wave background (SGWB) [8, |9,

_ I? dpew
~ pedlog f

Here h?Qgw describes the energy density due to the GW contributions, h is such that
Hy = 100 h km/s/Mpc [49], while f is the frequency, pgw is the energy density of the
gravitational wave, and p. = %, which is the critical energy density today. The contri-
butions of each source can be linearly combined, thus h2Qgw ~ h2Qcol + h2 Qe + F2Qrn -
The gravitational wave contributions can be described via a general equation,

hQQ = h2 . FGVV,O : Sscaling(aa V) 67 H) : Sshape(f)' (37)

The Few,o term represents the redshift corrections. Since these waves originate in the very
early universe, the spectrum needs to be adjusted to account for redshifting due to the
expansion of the universe,

R*Qew (f)

(3.6)

100\ 3
h?Fawo ~ 1.64 - 10—5< p ) : (3.8)
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The Sscaling (€, Uy, 5, H) term describes the scaling of the gravitational wave based on the
thermodynamic constants and differs for each source of GWs. Notably the term depends
on H, and H,j, which are the Hubble constant at the transition temperature and the
Hubble constant at the transition temperature redshifted to today respectively.

H2 — Prot(T)
* 3M1231 ’

@y g« C Tru \ (Is 5
H,o=—H, ~1.65-10"°Hz -2 .
07 4 (100) (Ge\/) (H)

Mp; is the reduced Planck mass, Mp; ~ 2.4-10'® GeV, and a, and ag are the scale factors
at the transition and today, respectively [2]. In the radiation-dominated limit H, reduces

Prot (T*) X~ prad(T*) + pvac(T*)'

The shape term Sgnape(f) describes the shape of the gravitational power spectrum, and
thus varies with f. This term takes different forms for the different gravitational wave
sources, as further elaborated upon below.

3.2.1 Bubble Collisions

The contributions of €., to Qgw are thought to be dominant for a significantly super-
cooled FOPT [9, 47]. The gravitational waves due to these collisions can be evaluated
using an approximation called the envelope approximation [47, 50-52], rather than the
more imprecise dimensional analysis [9]. The envelope approximation considers the energy
density within the true vacuum bubbles to be very small compared to the energy stored
in the bubble walls, thus the gravitational wave production does not depend on the scalar
field, but instead on the shape of the bubbles colliding [47, 51}, |53]. This approach has been
criticised in more recent publications |10, 54]. Numerical results obtained for this model
by Ref. [51] derive

2 1
100\ ? 0.1103
h2Q = 1.67 -1 ra _w g
1= 167107 < )(1+a) <g*) 0.42+vgus(f)’

5 38(
)= 1+28(£)

(3.10)

The constants are defined as follows: & is the fraction of energy released in the FOPT
converted to kinetic energy, fy is the peak frequency of the spectrum today, which can be

determined using
fT 6 T Gx
=16.5-10°mHz S
Jo=16:5-107 (ﬁ Hy ) \100GeV /) \ 100 )’
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with fr being the peak frequency at temperature 7T'.
The proposed alternative model, as described in Ref. [10], takes the form of a broken power
law,

nl*"Lz
niy—n @1
Qcol(fa Qpa fp) = Qp ( : 2) ny—ng ) (311)

—n2a1

(- (™)

where 2, and f, correspond to the peak amplitude and peak frequency respectively, and
following the example set in Ref [§], they will be referred to as geometric parameters. The
thermodynamic parameters relate to the geometric parameters [, |10],

2 2 o \'(H.\
h=Q, = h*FawoA 7 ,
; ta) \ P (3.12)
fy = 0.11H. 7

For a strongly supercooled model, the following has been numerically determined by Ref.
[55]: A >~ 0.05,n1 = —ng =~ 2.4,a; ~ 1.2, and the prefactor of 0.11 for the definition of f,.

3.2.2 Sound waves

The sound wave contributions, (2, can be estimated using the Sound Shell model [56, |57].
The Sound Shell model uses the fact that expanding bubbles induce sound waves in the
plasma, which persist after the bubbles have collided. These sound waves superpose, and
the velocity in the plasma is thus approximated as a Gaussian random field, made up of the
contribution of a large number of sound shells |2} [56, 57]. The Sghape(f) factor of the sound
wave contributions take the form of a double broken power law, as shown in Equation
[8, 110, |57H-59]. The Faw,o and Sgcaling terms are included within €, where the full
analytical contributions are given in Appendix It is worth noting that in sufficiently
strong supercooled FOPT, the bubbles do not reach a constant velocity, and continue to
accelerate until collision, rendering the Sound Shell model invalid |2} |57], and in that case
Ref. [57] recommends the use of the envelope approximation [51] for an order-of-magnitude
estimate for the gravitational wave spectrum.

R Qe (f2 f1,Q2, f2) = Qe x S(f),

s (£ (0 (5)) o)) T "

From Ref. [5§], the following parameters are determined: ny = 3,ny = 1,n3 = —3,a; = 2,
and as = 4.
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3.2.3 Magnetohydrodynamic Turbulence

The last contributions to Qg is due to turbulence, 1. Turbulence arises from non-
linearities in the sound-wave fluid motion, and is assumed to persist after the coherent
sound waves have dissipated [60]. The contributions of Q. = Qar + Qk, where the en-
ergy density is equally distributed among the energy density of the magnetic contributions,
Qy, and the kinetic contributions, Qg [10, 60, 61]. The shape factor Sshape(f) of Qturb
has the form of a double broken power law, as shown in Equation , where the Fgy o
and Sscaling terms are within s [10, 60]. The full analytical expression for Q1 is given in

Appendix [C.2]
hQQturb = QQ X S2(f)7

s () (- () (o)

The parameters are found to be as follows: a; =4 and ay ~ 2.15 [10].

3.3 Gravitational wave analysis

The numerical calculations for the resultant GWs arising due to the FOPT dynamics
described, will be done using the TransitionSolver package [27-29]. The bubble wall
velocity, v,,, can analytically be derived, as shown in Ref. [51], however, as discussed in
said paper using Ref. [62], this is simply a lower bound, and thus v,, will be found in terms
of bounds [29]. Using the TransitionSolver package, the gravitational wave spectrum
will be compared to the ranges of LISA [15, 16jand to NANOGrav([12], PPTA[13], and
EPTA [14] data. Furthermore, the models implemented will be compared to the results
found in Ref. [§], for a class of generic classically conformal U’(1) extension.

The full two-field analytical model of Section [2] is not implemented numerically in this
thesis. Instead, two related benchmark implementations are studied: first, a one-field con-
formal B— L limit available in TransitionSolver, newly released for Ref. [21], and second,
a U(1)4complex-singlet proxy model with an on-shell-like scalar-sector prescription. These
benchmarks are used to explore qualitative features of supercooling and renormalization-
scheme choices rather than to provide a complete phenomenological scan of the full model.

The model used in Ref. [21] describes a classically conformal B — L model, simplified
to the limit v, > vy, thus leading to the discussed FOPT to be almost entirely decou-
pled from the Higgs scale. This approximation is motivated by the hierarchy between the
electroweak and B — L-breaking scales. If the conventional normalization Mz = 2gg_v,
is used, a representative collider lower bound Mz = 5 TeV implies gp_rv, = 2.5 TeV,
or equivalently g% ,v2 > 6.25 TeV? [8, [6365]. For gz_; = 0.05 this gives v, > 50 TeV,

already well above the electroweak scale. The much larger benchmark values used below
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therefore safely lie in the decoupling regime. It does differ from the model described in
Section [2| considerably, as it uses the MS scheme, rather than the on-shell scheme, and the
simplification discussed eliminates the ¢, field direction. The model thus has the following
properties:

Viree = Ao[S *8]2, and only includes Z’ boson and massive RHN contributions at one-loop
level and regarding the thermal contributions. Furthermore, M, is assumed to be small
and thus scalar contributions are not included [21].

The schematic one-field ingredients relevant for the comparison are summarised below:

‘/tree - /\J(S*S)Qa
2

AR,
MZ(00) = 495167, M, (60) = 565

302, M2\ 5 2M,,_ M\ 3
V Z 1 Z e R,i 1 R,i i
W 2 Gar {Og( 12 > 6} Z 6am2 | 8\ T2 2

The precise finite-temperature and daisy-resummed contributions are evaluated inside the
TransitionSolver implementation used for Ref. [21].

(3.15)

The second model implemented in TransitionSolver is a U(1)+complex-singlet extension
of the Standard Model. It should be viewed as an on-shell-like proxy model rather than as
the full gauged B — L model of Section [2] because the SM fermions are not charged under
the additional U(1). It further differs from the analytical model as the Gildener-Weinberg
”scalon” is set to be the Standard Model Higgs boson, thus the ¢ boson obtains mass at tree
level, which is fixed at one-loop level using the on-shell scheme. This model is not taken
at the limit v, > vy. It retains both field directions, but simplifies the Z’ sector, giving
Iy = %g%_ ;T2 Since the Z' does not couple to fermions in this proxy implementation,
RHN contributions are absent.

4 Numerical Results

The results were obtained as described in Section [3.3] using the TransitionSolver python
module [27-29).

The B — L model can be effectively approximated, as described in Section [3.3 The results
obtained using the code for Ref. [21], were computed using the following input parameters:
v, = 100000 TeV, gg_r, = 0.05, Ay = A3 = 1.2, and A\; = 0.3. The code includes an extra
complex singlet, which was removed by setting Ny = 0. As described in Section [3.3] this
results in a light, stable RHN as a dark matter candidate, and two heavier RHNs that the
o decays via, and that decay into the dark matter candidate, as described in Ref. [21].
The gravitational wave amplitude diagram is shown in Figure [7] Furthermore,
TransitionSolver calculates the development of key parameters against temperature,

16



which are shown in Figures[10]and [T1] and an extensive list of key parameters is reproduced
in Table [3] in the Appendix [D] The transition strength is then calculated from Equation
, at T, = T,, where «, is found as o, 2 1013,

~Y

The second set of results is obtained for the U(1) and complex singlet extension model
described in Section [3.3] with input parameters as follows:

v, = 5 TeV, M, =1 TeV,gg_ = 0.3, and the remaining parameters as given by the
Standard Model, with © = v,. As ¢ in this model is not a pseudo Goldstone boson, its
tree-level mass at VEV is M,. Furthermore, as the Higgs boson is the pseudo Goldstone
in this model, the tree-level mass M), at VEV is zero, thus the mass fixed to the Standard
Model Higgs mass is the one-loop level mass, M;. The diagram of gravitational wave
amplitude is shown in Figure [§

10-8 ] "1'\ / 107 | ...1'\ /
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LISA --- PLS 2019 (SNR=10)
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PPTA DR3
@ EPTA DR2 Full
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LISA --- PLS 2019 (SNR=10)

B NANOGrav 15 yr
PPTA DR3 10762 4
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EPTA DR2 Full
—— total 10776 4
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— turb 1070 4

— coll

070 10-¢ 0% 10~ 1072 10° 102 10 10 106 10  10- 100 102
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Figure 7: Gravitational-wave power spec- Figure 8: Gravitational-wave power spec-
trum for the one-field v, > vy, conformal trum for the U(1)+complex-singlet proxy
B — L benchmark with RHN contributions, model with an on-shell-like prescription,
plotted against PTA [12-14] data and LISA plotted against PTA [12H14] data and LISA
sensitivity |15} |16]. sensitivity [15] |16] .

The labels refer to the following: The analytically determined LISA sensitivity curve, the
power-law sensitivity curve for LISA [16], NANOGrav data [12], PPTA data [13], EPTA
data [14], the total gravitational wave plot for the model, the soundwave contributions to
the gravitational wave spectrum, the turbulence contributions to the gravitational wave
spectrum, and the bubble collision contributions to the gravitational wave spectrum.

The total contribution plots are not visible due to the strongly logarithmic nature of the
plots, leading them to be obscured by the turbulence and sound wave contributions.

The development of key parameters with temperature is given by Figures [12 and [13] and
the final set of parametric results is given by Table [4], found in Appendix [D] The results
obtained from TransitionSolver for the 'Higgs scalon’ model can be used to obtain the
transition strength .. This yields a,, 2 261, at T, = T,,, the implications will be discussed
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in the next section, Section [4.1

4.1 Discussion

For both benchmark models, the predicted gravitational-wave spectra are below the nom-
inal LISA detectability threshold and do not overlap with the current PTA-favoured re-
gion. For the simplified B — L benchmark, the peak sound-wave amplitude is sy peax =
1.7735 - 10719 The amplitude is relatively large, but the peak frequency lies outside the
most sensitive part of the LISA band, as shown in Figure [7] The corresponding signal-to-
noise ratios are SN Rrisa analytic = 0.22911 and SN Ryga prs = 0.46580, below the usual
detectability criterion SNR > 10 [3].

The peak amplitude for the "Higgs scalon’ model is gy peax = 7.1306 - 10~ This is below
LISA range, this could be due to the lower Debye mass of Z’ due to the lack of fermion cou-
pling, or the light 0. The SNR is found as SN Ryisa anatytic = 0.00061716, SN Ryisa prs =
0.0026537, and thus as expected, is nowhere close to detectable.

The relationship between M/, peak frequency, and peak gravitational-wave amplitude was
plotted, using a set of parameters generated from gp_y = [0.2,0.5], and v, = [5 TeV, 10 TeV].
This is shown in Figure [9] below.
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Figure 9: Peak frequency and amplitude for the scanned proxy model benchmark points,
with the colour scale indicating log(Mz:).

The parameter My furthermore does not reproduce the results shown in Ref. [8], as My
seems to not affect the gravitational wave spectrum strongly. This might be due to the
lower I/, or due to the low number and range of data points studied.
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In both benchmarks the gravitational-wave spectrum is evaluated at the percolation tem-
perature. For the simplified B — L benchmark one finds 7}, = 11325 GeV, T, = 29216 GeV
and Try = 15288 GeV. This indicates significant supercooling, with 7,, < T,, < T, and
is qualitatively consistent with the high-scale supercooled examples discussed in Ref. [8].
The large value of a, obtained in this benchmark reflects the dominance of released vac-
uum energy over the radiation bath within the adopted thermodynamic prescription. The
numerically obtained value v, = 0.95836 also supports the use of an ultra-relativistic
wall-velocity approximation for this benchmark.

For the U(1)4complex-singlet proxy model, the transition occurs at a much lower scale,
with T, = 113.85 GeV and T, = 126.61 GeV. The hierarchy 7,/7, ~ 0.90 indicates only
modest supercooling in temperature, even though the thermodynamic strength parameter
obtained from the adopted prescription is large, o, = 261. The result Try = 127.87 GeV >
T, suggests that reheating can bring the plasma back above the critical temperature in this
benchmark. This behaviour should be interpreted cautiously and studied further in a com-
plete implementation, rather than taken as a generic prediction of the model. Larger
values of a, often enhance the gravitational-wave amplitude, but the final signal also de-
pends sensitively on 8/H,, R., the efficiency factor x, the wall velocity and the source
model. Therefore the observed amplitudes should be interpreted at the benchmark level
rather than as a universal consequence of a, alone.

5 Conclusion and Outlook

This thesis has described the dynamics of first-order phase transitions in classically con-
formal B — L-like models, with emphasis on the thermodynamic parameters relevant for
gravitational-wave production. A B — L-like model under a modified on-shell scheme was
analytically described, and used to demonstrate the characteristics of the modified on-shell
scheme. The finite-temperature effective potential was used to discuss supercooling, bub-
ble nucleation, percolation and reheating, while the resulting stochastic gravitational-wave
spectra were estimated using standard phenomenological descriptions of bubble collisions,
sound waves and turbulence.

Numerical results were obtained with TransitionSolver for two benchmark implementations:
a simplified one-field conformal B — L model and an on-shell-like U(1)+complex-singlet
proxy model. For the benchmark points studied here, the predicted gravitational-wave
spectra have signal-to-noise ratios below the nominal LISA detectability threshold and do
not overlap with the current PTA-favoured region. This conclusion applies only to the
limited benchmark points considered, not to the full parameter space of the model class.

The impact of an on-shell-like prescription on the phase-transition dynamics remains an
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open question. The present analysis shows that such a prescription can be explored within
numerical phase-transition tools, but a complete implementation of the full analytical
model and a systematic parameter scan are required before drawing robust phenomeno-
logical conclusions.

Within the adopted thermodynamic prescription, the large values of « indicate strongly
supercooled transitions in the studied benchmarks. The next step is therefore to imple-
ment the full analytical model consistently, verify the counterterm and finite-temperature
conventions, and perform a large-scale parameter scan to determine whether detectable
signals can arise in viable regions of parameter space.
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A Anomalies

In evaluating anomalies, all fermions are counted as left-handed Weyl fermions, equiva-
lently, right-handed fermions are represented by their left-handed charge-conjugate fields,
which accounts for the relative signs below:

U1)x [SUB)J*: 20g —xy —2g=2-5—35—3=0

U'(1) x [SU@2)L)? : 3 +a,=3-5+(=1) =0

U'(1) x [U1)y]? 2 — 82y — 204+ 3w — 6. =3 —8 -5 —25 +3-(=1)—6-(=1) =0
[U(1))2 x U(1)y -x2—2x2+x§—x5+x2 129 124 12 ()2 4 (—1)2 =0
[U'(1)]? : 63— 323 — a4+ 23— a8 — 2% = 6-1°—3.1° 3. P 0. (L1 (-1~ (1) =0
U’(l)x[grcw.] : 62— 3T, — 3xd+2xg—xl, a:e_6-§—3-§—3 +2-(-1)—(1)—(=1)=0

x4 is the B — L charge of particle a.

B Counterterms

The counterterms are obtained by solving the one-loop tadpole and modified on-shell-like
mass-renormalization conditions stated in Section They are evaluated at (¢p, ¢,) =
(vn, v, ), as discussed in Section , and written in terms of the physical input parameters
and the renormalization scale.

) 8 % h+ )M4 12872 M2+3v2 (91429393 +595— 16y} )
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C Full Gravitational Wave Contributions

C.1 Sound waves

The full analytical equation for the sound waves contribution is given below:

B2, = W2 Fayo Al —2 (HY
p — GW,0 1+a ﬁ )

s
fy = 01 H. o7,

f1 ~ O.2H*70(H*R*)71, f2 ~ O.5H*70A;1(H*R*)71,
A — gshell

Y max(&,, )
h2Qint = hZFGW,OAsz2(H*Tsw>(H*R*>;

, (QH*R* )
Tew = mMin 1],

_ a(l— k)2
0.73 +0.083y/a(1 — k) + a(l — k)

K;SW

Eshenl = |V — €5 is the dimensionless sound shell thickness [10]. From Ref. [58], As, ~ 0.11.
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C.2 MHD Turbulence

The full analytical description of the MHD turbulence contributions are given in Equation

R Quurt, = 3h2AMHDQ§FGW,O(H*R*>3< /

3
H >pH(faH*R*)T<f>NH*Te)
*,0

Q2 FGWOAMHDQ (H R )

11

Pl HoFe) ( (7 ) (€2)

-2

]
o (2 25 o)

fN V30, H
L= 2N HR*

[\

fo= HR

From this we can recover a double broken power law, as shown in Equation [10, 160].

hQQturb = QQ X SZ(f)

- () (- () 0o

The parameters are found to be as follows: a1 = 4,a9 ~ 2.15, Ayqup = 3 - 24725‘ 23a3 ~
4.37-1073 and N ~ 2 [10].

D TransitionSolver Results

The results of the TransitionSolver code built for Ref. [21] are listed below in Table
. T. is the temperature at which the extant volume of false vacuum is Py = %, T}y is the
temperature at which the transition concluded, and 7 is the temperature at which the
tracing concluded.
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Parameter Numerical result
T. 29216 GeV
T, 12322 GeV
T, 11325 GeV
Try 15288 GeV
T. 11240 GeV
Ty 11081 GeV
T, 11063 GeV
S3.n 127.19 GeV
S3p 116.88 GeV
H, 1.7853 - 10719 GeV
H, 1.6706 - 10710 GeV
B 2.4038 - 1078 GeV
By 1.8555 - 1078 GeV
Mean bubble size 5.4925 - 107 GeV !
R, 2.1254 - 10° GeV~!
Vo p 0.95836
Qsw,peak 1.7735 - 1071
fow,peak 0.22816 Hz
Qturb,peak 9.4678 - 10713
Siurb peak 0.20094 Hz
K 0.47453
SN Ry1sA analytic 0.22911
SN Rrisa pLs 0.46580

Table 3: Numerically determined parameters for the B — L model approximation, as

described in Ref. [21] and in Section [3.3]

The results for the U(1) and complex singlet extension, as described in Section are
given below in Table
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Parameter Numerical result
T. 126.61 GeV
T, 114.82 GeV
T, 113.85 GeV
Tru 127.87 GeV
1. 113.79 GeV
T 113.71 GeV
T, 113.71 GeV
S3.n 142.73 GeV
S3p 123.19 GeV
H, 1.5746 - 10714 GeV
H, 1.5527 - 10~ GeV
B 4.1065 - 10~ GeV
Bp 3.1870 - 107! GeV
Mean bubble size 2.7613 - 1010 GeV—!
R, 9.5905 - 10'° GeV—!
Vw,p 0.80052
st,peak 7.1306 - 1071
fow,peak 0.076868 Hz
Qtulrb,peak 3.3422 - 10717
fturb,peak 0.044050 Hz
K 0.039747
SNRLISA,analytic 0.00061716
SN Rrisa pLs 0.0026537

Table 4: Numerically determined parameters obtained using TransitionSolver for the
U(1) and complex singlet extension, as described in Section .

The graphs obtained from TransitionSolver for the B — L and complex singlet extension
are listed below as Figures [I0] and [I1} and Figures [12] and [13] respectively.
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Figure 10: Temperature evolution of the relevant transition quantities in the simplified
B — L benchmark , with T;,, T),,T¢, T and T, marked.
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Additional scans for the proxy model are shown in Figures and They illustrate
benchmark-level trends with v,, My, peak frequency and peak amplitude. Because the
scan is sparse, these trends should not be interpreted as a statistically robust parameter-
space result.
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Figure [15[ shows the relation between peak frequency and peak amplitude, with the colour
scale indicating log(Mz/).
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model benchmark points, with the colour scale indicating log(M_).

32



References

LLIGO Scientific, Virgo Cooperation, “Observation of gravitational waves from a binary
black hole merger”, Physical Review Letters 116, 10.1103/physrevlett.116.061102
(2016).

2P. Athron et al., “Cosmological phase transitions: from perturbative particle physics to
gravitational waves”, Progress in Particle and Nuclear Physics 135, 104094 (2024).

3Y. Cheng, S.-F. Ge, J. Sheng, and T. T. Yanagida, “Right-handed neutrino dark matter
with forbidden annihilation”, Physical Review D 107,/10.1103/physrevd.107.123013
(2023).

1P. Cox, C. Han, and T. T. Yanagida, “Right-handed neutrino dark matter in a u(1)
extension of the standard model”, Journal of Cosmology and Astroparticle Physics 2018,
029 (2018).

°S. Hawking and I. Moss, “Supercooled phase transitions in the very early universe”,
Physics Letters B 110, 35-38 (1982).

6A. D. Sakharov, “Violation of cp invariance, ¢ asymmetry, and baryon asymmetry of the
universe”, Pisma Zh. Eksp. Teor. Fiz. 5, 32-35 (1967).

7C. Marzo, L. Marzola, and V. Vaskonen, “Phase transition and vacuum stability in the
classically conformal b-1 model”, The Furopean Physical Journal C 79, 10.1140/epjc/
$10052-019-7076-x (2019).

8J. Goncalves, D. Marfatia, A. P. Morais, and R. Pasechnik, “Gravitational waves from
supercooled phase transitions in conformal majoron models of neutrino mass”, Journal
of High Energy Physics 2025, 10.1007/jhep02(2025) 110 (2025).

9A. Kobakhidze, C. Lagger, A. Manning, and J. Yue, “Gravitational waves from a super-
cooled electroweak phase transition and their detection with pulsar timing arrays”, The
European Physical Journal C 77,(10.1140/epjc/s10052-017-5132-y (2017).

10C. Caprini et al., “Gravitational waves from first-order phase transitions in lisa: recon-
struction pipeline and physics interpretation”, Journal of Cosmology and Astroparticle
Physics 2024, 020 (2024).

11J. Goncalves, D. Marfatia, A. P. Morais, and R. Pasechnik, “Supercooled phase transi-
tions in conformal dark sectors explain nanograv data”, Physics Letters B 869, 139829
(2025).

2NANOGrav Collaboration, G. Agazie, et al., “The nanograv 15 yr data set: evidence for
a gravitational-wave background”, The Astrophysical Journal Letters 951, L8 (2023).

BBPPTA Collaboration, A. Zic, et al., “The parkes pulsar timing array third data release”,
Publications of the Astronomical Society of Australia 40, [10.1017 /pasa . 2023 . 36
(2023).

MEPTA Collaboration, Antoniadis, J., et al., “The second data release from the european
pulsar timing array - i. the dataset and timing analysis”, A&A 678, A48 (2023).

33


https://doi.org/10.1103/physrevlett.116.061102
https://doi.org/10.1103/physrevlett.116.061102
https://doi.org/10.1103/physrevlett.116.061102
https://doi.org/10.1016/j.ppnp.2023.104094
https://doi.org/10.1103/physrevd.107.123013
https://doi.org/10.1103/physrevd.107.123013
https://doi.org/10.1103/physrevd.107.123013
https://doi.org/10.1088/1475-7516/2018/01/029
https://doi.org/10.1088/1475-7516/2018/01/029
https://doi.org/https://doi.org/10.1016/0370-2693(82)90946-7
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1140/epjc/s10052-019-7076-x
https://doi.org/10.1140/epjc/s10052-019-7076-x
https://doi.org/10.1140/epjc/s10052-019-7076-x
https://doi.org/10.1140/epjc/s10052-019-7076-x
https://doi.org/10.1007/jhep02(2025)110
https://doi.org/10.1007/jhep02(2025)110
https://doi.org/10.1007/jhep02(2025)110
https://doi.org/10.1140/epjc/s10052-017-5132-y
https://doi.org/10.1140/epjc/s10052-017-5132-y
https://doi.org/10.1140/epjc/s10052-017-5132-y
https://doi.org/10.1088/1475-7516/2024/10/020
https://doi.org/10.1088/1475-7516/2024/10/020
https://doi.org/10.1016/j.physletb.2025.139829
https://doi.org/10.1016/j.physletb.2025.139829
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.1017/pasa.2023.36
https://doi.org/10.1017/pasa.2023.36
https://doi.org/10.1017/pasa.2023.36
https://doi.org/10.1051/0004-6361/202346841

15C. Caprini et al. (LISA Science), “Science of the LISA mission: A Summary for the
European Strategy for Particle Physics”, (2025).

16C. Caprini et al., “Reconstructing the spectral shape of a stochastic gravitational wave
background with lisa”, Journal of Cosmology and Astroparticle Physics 2019, 017-017
(2019).

7M. K. Gaillard, P. D. Grannis, and F. J. Sciulli, “The standard model of particle physics”,
Reviews of Modern Physics 71, S96-S111 (1999).

18] P. Garcés, F. Goertz, M. Lindner, and A. Pastor-Gutiérrez, “The quantum criticality
of the standard model and the hierarchy problem”, Journal of High Energy Physics 2025
(2025).

19S. Oda, N. Okada, and D.-s. Takahashi, “Classically conformal u(1)” extended standard
model and higgs vacuum stability”, Physical Review D 92, 10.1103/physrevd . 92.
015026/ (2015).

208, Tso, N. Okada, and Y. Orikasa, “Classically conformal b-1 extended standard model”,
Physics Letters B 676, 81-87 (2009).

21p. Athron, S. Datta, and Z.-Y. Zhang, Probing thermal leptogenesis and dark matter
through primordial gravitational waves from a supercooled universe, 2025.

228, Khalil, “TeV-scale gauged B-L symmetry with inverse seesaw mechanism”, Phys. Rev.
D 82, 077702 (2010).

23X .-X. Dong et al., “Gravitational waves from the phase transition in the b-lssm”, Journal
of High Energy Physics (2021).

24N. Haba and T. Yamada, “Gravitational waves from phase transition in minimal susy
u(1)b-1 model”, Physical Review D 101 (2020).

25A. Ahriche, S. Kanemura, and M. Tanaka, “Gravitational waves from phase transitions
in scale invariant models”, JHEP 01, 201 (2024).

2P Arnold and O. Espinosa, “Effective potential and first-order phase transitions: beyond
leading order”, Phys. Rev. D 47, 3546-3579 (1993).

27P, Athron, C. Balazs, A. Fowlie, and Y. Zhang, “PhaseTracer: tracing cosmological phases
and calculating transition properties”, Eur. Phys. J. C 80, 567 (2020).

2P, Athron et al., “PhaseTracer2: from the effective potential to gravitational waves”, Eur.
Phys. J. C 85, 559 (2025).

29P, Athron, C. Baldzs, and L. Morris, “Supercool subtleties of cosmological phase transi-
tions”, JCAP 03, 006 (2023).

30E. Bertuzzo, C. Csaki, and F. Huller, “Electroweak precision constraints on dark pho-
ton models with generalized mixing”, Journal of High Energy Physics 2026, 10.1007/
jhep03(2026) 155 (2026).

31E. Gildener and S. Weinberg, “Symmetry breaking and scalar bosons”, Phys. Rev. D 13,
3333-3341 (1976).

34


https://doi.org/10.1088/1475-7516/2019/11/017
https://doi.org/10.1088/1475-7516/2019/11/017
https://doi.org/10.1103/revmodphys.71.s96
https://doi.org/10.1103/physrevd.92.015026
https://doi.org/10.1103/physrevd.92.015026
https://doi.org/10.1103/physrevd.92.015026
https://doi.org/10.1103/physrevd.92.015026
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1103/PhysRevD.82.077702
https://doi.org/10.1103/PhysRevD.82.077702
https://doi.org/10.1007/JHEP01(2024)201
https://doi.org/10.1103/PhysRevD.47.3546
https://doi.org/10.1140/epjc/s10052-020-8035-2
https://doi.org/10.1140/epjc/s10052-025-14258-y
https://doi.org/10.1140/epjc/s10052-025-14258-y
https://doi.org/10.1088/1475-7516/2023/03/006
https://doi.org/10.1007/jhep03(2026)155
https://doi.org/10.1007/jhep03(2026)155
https://doi.org/10.1007/jhep03(2026)155
https://doi.org/10.1007/jhep03(2026)155
https://doi.org/10.1103/PhysRevD.13.3333
https://doi.org/10.1103/PhysRevD.13.3333

328, Coleman and E. Weinberg, “Radiative corrections as the origin of spontaneous sym-
metry breaking”, Phys. Rev. D 7, 1888-1910 (1973).

33P. Basler and M. Miihlleitner, “Bsmpt (beyond the standard model phase transitions): a
tool for the electroweak phase transition in extended higgs sectors”, Computer Physics
Communications 237, 62-85 (2019).

34Gustavsson, Filip, Cosmological Signatures of the Scale-Invariant Two-Higgs-Doublet
Model with an Additional Scalar Singlet, eng, Student Paper, 2025.

35Holmstrom, Hjalmar, On-Shell Renormalization of the General 2HDM, eng, Student Pa-
per, 2025.

36D. Curtin, P. Meade, and H. Ramani, Thermal resummation and phase transitions, 2016.

37]). Espinosa, M. Quirds, and F. Zwirner, “On the nature of the electroweak phase tran-
sition”, Physics Letters B 314, 206-216 (1993).

38J. Li and P. Nath, Gravitational waves from supercooled phase transitions and pulsar
timing array signals, Proceedings of the Corfu Summer Institute 2025, BSM 2025 Con-
ference, Feb. 2026.

3A. D. Linde, “Decay of the false vacuum at finite temperature: a. linde, nucl. phys. b216
(1983) 4217, Nuclear Physics B 223, 544 (1983).

405, R. Coleman, “The Fate of the False Vacuum. 1. Semiclassical Theory”, Phys. Rev. D
15, [Erratum: Phys.Rev.D 16, 1248 (1977)], 2929-2936 (1977).

417, Ellis, M. Lewicki, and J. M. No, “On the maximal strength of a first-order electroweak
phase transition and its gravitational wave signal”, Journal of Cosmology and Astropar-
ticle Physics 2019, 003-003 (2019).

421,. Husdal, “On effective degrees of freedom in the early universe”, Galaxies 4, 78 (2016).

$BR.-G. Cai, M. Sasaki, and S.-J. Wang, “The gravitational waves from the first-order
phase transition with a dimension-six operator”, Journal of Cosmology and Astroparticle
Physics 2017, 004-004 (2017).

44]. Ellis, M. Lewicki, J. M. No, and V. Vaskonen, “Gravitational wave energy budget in
strongly supercooled phase transitions”, Journal of Cosmology and Astroparticle Physics
2019, 024-024 (2019).

45C. Caprini et al., “Detecting gravitational waves from cosmological phase transitions with
lisa: an update”, Journal of Cosmology and Astroparticle Physics 2020, 024-024 (2020).

46 A Mégevand and S. Ramirez, “Bubble nucleation and growth in very strong cosmological
phase transitions”, Nuclear Physics B 919, 74-109 (2017).

47C. Caprini et al., “Science with the space-based interferometer elisa. ii: gravitational
waves from cosmological phase transitions”, Journal of Cosmology and Astroparticle
Physics 2016, 001-001 (2016).

35


https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/https://doi.org/10.1016/j.cpc.2018.11.006
https://doi.org/https://doi.org/10.1016/j.cpc.2018.11.006
https://doi.org/10.1016/0370-2693(93)90450-v
https://doi.org/https://doi.org/10.1016/0550-3213(83)90072-X
https://doi.org/10.1103/PhysRevD.15.2929
https://doi.org/10.1103/PhysRevD.15.2929
https://doi.org/10.1088/1475-7516/2019/04/003
https://doi.org/10.1088/1475-7516/2019/04/003
https://doi.org/10.3390/galaxies4040078
https://doi.org/10.1088/1475-7516/2017/08/004
https://doi.org/10.1088/1475-7516/2017/08/004
https://doi.org/10.1088/1475-7516/2019/06/024
https://doi.org/10.1088/1475-7516/2019/06/024
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1016/j.nuclphysb.2017.03.009
https://doi.org/10.1088/1475-7516/2016/04/001
https://doi.org/10.1088/1475-7516/2016/04/001

48C. Caprini and R. Durrer, “Gravitational waves from stochastic relativistic sources: pri-
mordial turbulence and magnetic fields”, [Physical Review D 74, 10.1103/physrevd.
74.063521/ (2006).

4P, Binétruy, A. Bohé, C. Caprini, and J.-F. Dufaux, “Cosmological backgrounds of gravi-
tational waves and elisa/ngo: phase transitions, cosmic strings and other sources”, Journal
of Cosmology and Astroparticle Physics 2012, 027-027 (2012).

S0M. Kamionkowski, A. Kosowsky, and M. S. Turner, “Gravitational radiation from first-
order phase transitions”, Physical Review D 49, 2837-2851 (1994).

51S. J. Huber and T. Konstandin, “Gravitational wave production by collisions: more bub-
bles”, Journal of Cosmology and Astroparticle Physics 2008, 022 (2008).

»2A. Mégevand and F. A. Membiela, “Gravitational waves from bubble walls”, Journal of
Cosmology and Astroparticle Physics 2021, 073 (2021).

A, Kosowsky and M. S. Turner, “Gravitational radiation from colliding vacuum bubbles:
envelope approximation to many-bubble collisions”, Physical Review D 47, 4372-4391
(1993).

M. Lewicki and V. Vaskonen, “Gravitational waves from colliding vacuum bubbles in
gauge theories”, The European Physical Journal C 81, 10.1140/epjc/s10052-021-
09232-3 (2021).

%M. Lewicki and V. Vaskonen, “Gravitational waves from bubble collisions and fluid mo-
tion in strongly supercooled phase transitions”, The European Physical Journal C 83,
10.1140/epjc/s10052-023-11241-3 (2023).

%M. Hindmarsh, “Sound shell model for acoustic gravitational wave production at a first-
order phase transition in the early universe”, Physical Review Letters 120, 10.1103/
physrevlett.120.071301 (2018).

5"M. Hindmarsh and M. Hijazi, “Gravitational waves from first order cosmological phase
transitions in the sound shell model”, Journal of Cosmology and Astroparticle Physics
2019, 062-062 (2019).

%R. Jinno, T. Konstandin, H. Rubira, and I. Stomberg, “Higgsless simulations of cosmolog-
ical phase transitions and gravitational waves”, | Journal of Cosmology and Astroparticle
Physics 2023, 011 (2023).

], Ellis, M. Lewicki, and V. Vaskonen, “Updated predictions for gravitational waves
produced in a strongly supercooled phase transition”, Journal of Cosmology and As-
troparticle Physics 2020, 020-020 (2020).

A. R. Pol et al., Lisa and ~y-ray telescopes as multi-messenger probes of a first-order
cosmological phase transition, 2026.

61R. Banerjee and K. Jedamzik, “Evolution of cosmic magnetic fields: from the very early
universe, to recombination, to the present”, Physical Review D 70, 10.1103/physrevd.
70123003 (2004).

36


https://doi.org/10.1103/physrevd.74.063521
https://doi.org/10.1103/physrevd.74.063521
https://doi.org/10.1103/physrevd.74.063521
https://doi.org/10.1103/physrevd.74.063521
https://doi.org/10.1088/1475-7516/2012/06/027
https://doi.org/10.1088/1475-7516/2012/06/027
https://doi.org/10.1103/physrevd.49.2837
https://doi.org/10.1088/1475-7516/2008/09/022
https://doi.org/10.1088/1475-7516/2021/10/073
https://doi.org/10.1088/1475-7516/2021/10/073
https://doi.org/10.1103/physrevd.47.4372
https://doi.org/10.1103/physrevd.47.4372
https://doi.org/10.1140/epjc/s10052-021-09232-3
https://doi.org/10.1140/epjc/s10052-021-09232-3
https://doi.org/10.1140/epjc/s10052-021-09232-3
https://doi.org/10.1140/epjc/s10052-021-09232-3
https://doi.org/10.1140/epjc/s10052-023-11241-3
https://doi.org/10.1140/epjc/s10052-023-11241-3
https://doi.org/10.1140/epjc/s10052-023-11241-3
https://doi.org/10.1103/physrevlett.120.071301
https://doi.org/10.1103/physrevlett.120.071301
https://doi.org/10.1103/physrevlett.120.071301
https://doi.org/10.1103/physrevlett.120.071301
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1475-7516/2023/02/011
https://doi.org/10.1088/1475-7516/2023/02/011
https://doi.org/10.1088/1475-7516/2020/11/020
https://doi.org/10.1088/1475-7516/2020/11/020
https://doi.org/10.1103/physrevd.70.123003
https://doi.org/10.1103/physrevd.70.123003
https://doi.org/10.1103/physrevd.70.123003
https://doi.org/10.1103/physrevd.70.123003

62M. Laine, “Bubble growth as a detonation”, Physical Review D 49, 38473853 (1994).

63ATLAS Collaboration, G. Aad, et al., “Search for ¢f resonances in fully hadronic final
states in pp collisions at /s = 13 tev with the atlas detector”, Journal of High Energy
Physics 2020, [10.1007/jhep10(2020) 061/ (2020).

64ATLAS Collaboration, G. Aad, et al., “Search for high-mass dilepton resonances using
139 fb-1 of pp collision data collected at /s = 13 tev with the atlas detector”, Physics
Letters B 796, 68-87 (2019).

55 ATLAS Collaboration, M. Aaboud, et al., “Search for additional heavy neutral higgs and
gauge bosons in the ditau final state produced in 36 fb-1 of pp collisions at /s = 13 tev
with the atlas detector”, | Journal of High Energy Physics 2018, 10.1007/jhep01(2018)
055 (2018).

37


https://doi.org/10.1103/physrevd.49.3847
https://doi.org/10.1007/jhep10(2020)061
https://doi.org/10.1007/jhep10(2020)061
https://doi.org/10.1007/jhep10(2020)061
https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1007/jhep01(2018)055
https://doi.org/10.1007/jhep01(2018)055
https://doi.org/10.1007/jhep01(2018)055
https://doi.org/10.1007/jhep01(2018)055

	Introduction
	Model description
	B-L Model
	Gauge boson mass
	Effective Potential
	Tree-Level Potential
	One-Loop Corrections
	Finite-Temperature Corrections


	FOPT and gravitational waves
	Supercooled FOPT
	Gravitational-wave production
	Bubble Collisions
	Sound waves
	Magnetohydrodynamic Turbulence

	Gravitational wave analysis

	Numerical Results
	Discussion

	Conclusion and Outlook
	Anomalies
	Counterterms
	Full Gravitational Wave Contributions
	Sound waves
	MHD Turbulence

	TransitionSolver Results

