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FIRST ORDER PHASE TRANSITION
• First order phase transition (FOPT): the Universe 

transitions from a metastable (false) vacuum to a 
more stable (true) vacuum when the latter emerges/

becomes more favourable as the Universe cools


• Bubbles of true vacuum nucleate and grow in a 
background of false vacuum


• Release of latent energy scored in the false vacuum 

2

through the nucleation of bubbles of true vacuum (broken
phase), whose walls expand into the false vacuum (sym-
metric phase) with velocity vw (and Lorentz boost factor
�w). Here T denotes the temperature of the thermal bath
with which the scalar field is in equilibrium. In general,
T . hsi in most relevant models of thermally triggered
phase transitions. For simplicity, we assume that the hid-
den sector constitutes the dominant form of radiation, and
the energy in the Standard Model (SM) bath is negligible. 1

It is convenient to parametrize the energy density released
during the phase transition, given by the di↵erence in the
potential energies of the false and true vacua, �V , as a
fraction of the energy density in the radiation bath 2

↵ =
�V

⇢rad
=

�V

⇡2

30 gD⇤ T 4
, (1)

where g
D
⇤ = gbosons + (7/8)gfermions represents the total

number of degrees of freedom in the dark sector. We
denote the (inverse) timescale for the phase transition
to complete by �, such that �/H is the inverse fraction
of Hubble time over which the transition completes; for
vw ⇡ 1, � also represents the average bubble size at colli-
sion.

Next, consider a particle X present in the bath that
is massless in the false vacuum but obtains a mass m in
the true vacuum by virtue of its coupling to s. Energy
conservation dictates that a massless X particle with en-
ergy E in the bath can cross into the bubble wall only if
�w E & m. The pressure on the bubble wall 3 due to a full
thermal distribution of particles crossing into the bubble
and becoming massive is [34] 4

Pmax ⇡
1

24
m

2
T

2
. (2)

The free energy released in the transition, �VT (⇠ �V ),
does not saturate Pmax, i.e. �V < Pmax, for

m >

q
gD⇤ ↵T , (3)

where we have dropped an O(1) prefactor for simplicity.
In this case, the latent energy released in the transition is
entirely absorbed by an appropriate fraction of the X par-
ticle population crossing into the bubble walls and becom-
ing massive, and the bubble wall attains a steady-state,
terminal velocity.

1
Including the SM into the thermal bath will not change any of our

discussions qualitatively, but simply dilute the GW signal.
2
Strictly speaking, the phase transition strength should be param-

eterized by the trace of the energy-momentum tensor, see [52, 53].
3
Friction due to splitting radiation can be the dominant source of

energy loss in the presence of a light gauge boson if the walls are

extremely relativistic [54–57]. We assume that this contribution is

negligible for the scenarios we consider.
4
We have dropped subleading terms of O(1/�

2
) [34].

FIG. 1: Energy-momentum profile of particles inside an ex-
panding bubble. The solid (dashed) curves denote Tk (T?).

For our numerical studies, we focus on three benchmark
(BM) cases:

(m/T, vw) =

⇢
BM1 BM2 BM1
(1, 0.7) (2, 0.95) (3, 0.99)

�
. (4)

The GW signal we study in this paper is also realized for
larger values of m/T , with a small fraction of the X par-
ticle population entering the bubbles while the majority
gets reflected; we choose m/T ⇠ 1 for our benchmark cases
purely for convenience as this does not require us to keep
track of the reflected population.
Due to the energy transfer from the bubble walls to the

particles, the massive X particles in the broken phase gain
momenta in the direction of the walls, forming extended
shells that trail the bubble walls and expand outwards.
Fig. 1 shows the distribution of energy-momentum of par-
ticles within a bubble for the BM cases, with the subscripts
k and ? indicating the direction with respect to the wall
velocity (Tk = Txx and T? = Tyy = Tzz for wall motion
in the x direction); see Appendix B for details of the com-
putation, and Eq.C11 for the expression used for the plot.
The profiles are found to be self-similar (depending only
on r/t, the time-dependent bubble radius divided by the
time since nucleation), with distributions that are more
sharply peaked towards the wall for higher m/T and �w,
as these are associated with faster walls that can drag the
particles along more strongly. Most of the the energy is
concentrated in extended shells with thickness comparable
to the bubble radius, with a loose tail that extends to the
center of the bubble.
We are interested in scenarios where this population of

massive particles, or their decay products – we will denote
the relevant particle by Y – only have feeble interactions
(i.e. e↵ectively do not interact) over the timescale of the
phase transition. In the broken phase, Y could interact
with other particles in its neighborhood within a bubble
during the expansion phase, or with particles inside other
bubbles after collision. In both cases, the condition for Y
to be noninteracting during the phase transition is

nY �R⇤ < 1 . (5)
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PART I: 

Can the existence of feebly interacting dark sectors 

give novel forms of GW signals from FOPTs?
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Gravitational Waves (GW) Dark Sectors

PART II: 

(How) can FOPTs provide new production mechanisms 

for (dark sector) particles?
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First order phase transitions are well-motivated and extensively studied sources of gravitational
waves (GWs) from the early Universe. The vacuum energy released during such transitions is
assumed to be transferred primarily either to the expanding walls of bubbles of true vacuum, whose
collisions source GWs, or to the surrounding plasma, producing sound waves and turbulence, which
act as GW sources. In this Letter, we study an alternative possibility that has so far not been
considered: the released energy gets transferred primarily to feebly interacting particles that do
not admit a fluid description but simply free-stream individually. We develop the formalism to
study the production of GWs from such configurations, and demonstrate that such GW signals have
qualitatively distinct characteristics compared to conventional sources and are potentially observable
with near-future GW detectors.

I. MOTIVATION

Gravitational waves (GWs) provide a unique probe of
physics in the early Universe far before Big Bang nucle-
osynthesis (BBN) and o↵er a promising window into new
physics phenomena at high energy scales. One of the
most attractive targets for GW detectors is a first order
phase transition (FOPT) in the early Universe [1–7], where
the metastable false vacuum of the early Universe decays
through the nucleation, expansion, and percolation of bub-
bles of true vacuum. The properties of GW signals gener-
ated by such FOPTs have been extensively studied in the
literature (see e.g.[8–11] for reviews). While such studies
have traditionally focused on the electroweak phase tran-
sition (e.g. [12]), FOPTs are more generic and can be re-
alized in a broader class of beyond the Standard Model
(BSM) scenarios, where the existence and breaking of ad-
ditional symmetries in extended sectors (which could in-
clude dark/hidden/secluded sectors) is motivated by vari-
ous shortcomings of the Standard Model (SM). GWs from
such dark sector FOPTs are less constrained and can be
realized across a broader range of energy scales [13–25], of-
fering detection prospects with various current and near fu-
ture GW detectors such as LIGO-Virgo [26, 27], LISA [28],
DECi-hertz Interferometer Gravitational wave Observa-
tory (DECIGO) [29], Big Bang Observer (BBO) [30], Ein-
stein Telescope (ET) [31], Cosmic Explorer (CE) [32].

In FOPTs, GWs are primarily produced in one of two
ways. If the bubble walls carry most of the energy re-
leased in the phase transition, GWs are sourced by the
scalar field energy densities in the bubble walls when the
walls collide [4–7, 33–39]. In the presence of significant
interactions between the bubble walls and the surround-
ing plasma, the released energy is instead primarily trans-
ferred to the plasma, and GWs are produced by sound
waves [40–45] and turbulence [7, 43, 46–50]. These contri-
butions have distinct spectral features determined by the

behavior of the bubble walls or sound waves during the
percolation phase of the transition.
In this Letter, we study an alternative source of GWs

from FOPTs that has so far not been considered in the lit-
erature: the energy released in the phase transition can be
transferred primarily to feebly-interacting particles (FIPs)
that free-stream without interacting over the timescale of
the phase transition. Such scenarios can readily occur in
dark sectors, which can contain particles with feeble in-
teractions in many realistic scenarios [51]. In such cases,
bubble walls or sound waves in the plasma carry negligible
fractions of the total energy, and cannot be e�cient GW
sources. It is particularly crucial to explore this possibility,
given that it might correspond to a nightmare scenario for
GW searches where a FOPT does not lead to observable
signals even with otherwise favorable parameters.
We develop the formalism to study the evolution of such

FIPs during and after the phase transition. If they are pro-
duced or obtain their mass from the FOPT, we find that
they form extended noninteracting particle shells that trail
the expanding bubble walls; when the bubble walls collide,
these particle shells pass through without interacting. We
demonstrate that the resulting configurations of overlap-
ping FIP shells produce GWs with distinct characteris-
tics owing to the extended and noninteracting nature of
the shells, distinguishing them from conventionally studied
GW signals from bubble walls or sound waves. Moreover,
we find that these modified GW signals are potentially
observable with the next generation of space- and ground-
based gravitational wave detectors.

II. FRAMEWORK

We first provide a broad discussion of the general frame-
work for our study. Consider a first order phase tran-
sition involving a dark sector scalar s obtaining a vac-
uum expectation value hsi at temperature T , which occurs

BASED ON 2211.06405     
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1512.06239 [astro-ph.CO]Both can produce gravitational 
waves when the bubble walls/

sound shells collide


GWs have distinct features and 
carry information about the 

underlying physics


extensively studied, with 
analytic approaches as well as 

simulations


A.    Bubble walls 
(scalar field)

Energetic bubble walls with large 
boost factors, in the absence of 
significant sources of friction

B.    Fluid motion          
(sound waves, turbulence)
Arise from efficient interactions 

between the expanding bubble walls 
and plasma

Two sources of GWs from FOPTs studied in the literature

WHERE DOES ENERGY RELEASED IN FOPT GO?
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C.   Feebly Interacting Particles (FIPs)
Particles with no significant (“feeble”) interactions. 

Do not mix with the plasma /generate sound waves 


Individual d.o.f. that simply free-stream

A.    Bubble walls 
(scalar field)

Energetic bubble walls with large 
boost factors, in the absence of 
significant sources of friction

B.    Fluid motion          
(sound waves, turbulence)
Arise from efficient interactions 

between the expanding bubble walls 
and plasma

THIS TALK

WHERE DOES ENERGY RELEASED IN FOPT GO?
Two sources of GWs from FOPTs studied in the literature
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TRANSFERRING ENERGY TO PARTICLES
Consider a particle X, present in the thermal bath, that becomes massive at 

phase transition (due to coupling with the background scalar s)

⟨s⟩ = 0
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True vacuum 
(broken phase)

False/metastable vacuum (symmetric phase)

mX = g’⟨s⟩ 
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broken phase symmetric phase
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mX = 0

Thermal population of 
X particles, temp T

Typical energy 
EX~γwTEnters bubble, becomes massive 

if EX > mX
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if EX < mX

Momentum transfer from 
single particle crossing: 
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Gravitational Waves from Metastable Noninteracting Particles

from a First Order Phase Transition
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First order phase transitions (FOPTs) are an appealing and extensively studied source of gravita-
tional waves (GWs) from the early Universe. In most scenarios studied in the literature, the energy
released during the FOPTs is transferred primarily either to the bubble wall or to the surrounding
plasma, generating GWs either from bubble collisions or from sounds waves (and turbulence). In
this letter, we study the remaining possibility, where the energy is transferred primarily to noninter-
acting particles that do not admit a fluid description. We discuss the conditions under which such
scenarios can arise, develop a three-dimensional simulation to study the evolution of these particles
and the subsequent production of GWs, and demonstrate that these configurations can generate
observable GW signals with qualitatively distinct characteristics compared to traditionally studied
GW signals.

I. MOTIVATION

Gravitational waves (GWs) provide a unique probe of
physics in the early universe far before Big Bang nucle-
osynthesis (BBN), and o↵er a particularly promising win-
dow into new physics phenomena at high energy scales.
One of the most attractive targets for gravitational wave
detectors is a first order phase transition (FOPT) in the
early universe, where the metastable false vacuum of the
early universe decays away through the nucleation, ex-
pansion, and percolation of bubbles of true vacuum. The
properties of GW signals generated by such FOPTs have
been extensively studied in the literature (see e.g. [1–4]
for some reviews). While such studies have tradition-
ally focused on the electroweak phase transition, FOPTs
are more generic and can be realized in a broader class
of beyond the Standard Model (BSM) scenarios, where
the existence and breaking of additional symmetries in
dark/hidden/secluded sectors is motivated by several ar-
guments, such as dark matter and neutrino masses. GWs
from such FOPTs in dark sectors are less constrained and
can be realized across a broader range of energy scales,
as studied in the literature [5–7].

In FOPTs, GWs are primarily sourced by bubble wall
collisions [13–16] if the bubble walls can accelerate and
carry away most of the energy released in the phase tran-
sition, or by sound waves [8, 9] and turbulence [10–12]
if significant interactions between the bubble walls and
the plasma result in the released energy being e�ciently
transferred to the plasma surrounding the bubble walls.
These contributions have distinct spectral features de-
termined by the details of how the sounds waves in the
plasma and the bubble walls interact during the percola-
tion phase of the phase transition. In hidden sector phase
transitions, there exists a third possibility that has hith-
erto not been considered in the literature: the energy
released in the phase transition can end up primarily in
noninteracting particles in the hidden sector that free-
stream and do not admit a fluid description, so that nei-
ther bubble wall collisions nor sound waves in the plasma

are appreciable sources of GWs.
The purpose of this letter is to study such scenar-

ios, developing the formalism to study the evolution of
such noninteracting particles and derive the GW signals
produced by these configurations. We find that such
noninteracting particles, if produced or made massive
as a consequence of the FOPT, form extended nonin-
teracting shells that expand with the expanding bubble
walls. When the bubble walls collide, these shells pass
through without interacting, and continue to propagate
until these particles decay. In this letter, we demonstrate
that such configurations can produce observable gravita-
tional wave signals, with features that are qualitatively
di↵erent from any known GW signals from phase transi-
tions in the literature. [Is that true? Signal looks a lot
like bulk flow.]

II. FRAMEWORK

We first provide a broad discussion of the general
framework for our study. We are interested in setups
where the energy released in the phase transition is pri-
marily transferred to heavy, noninteracting particles that
free-stream in the broken phase. Here, we broadly discuss
the conditions under which such setups can be realized.
Consider a first order phase transition involving a hid-

den sector scalar field s obtaining a vev hsi at temper-
ature T , which results in bubbles with wall thickness
L(⇠ hsi

�1) and boost factor �w. Here T denotes the
temperature of the thermal bath with which the scalar
field is in equilibrium; in general, T . hsi in most re-
alistic or relevant? models of thermally triggered phase
transitions. For simplicity, we assume that the hidden
sector constitutes the dominant form of radiation, and
the energy in the Standard Model (SM) bath is negligi-
ble.
⇠

m2
X

2EX

Next, consider some particle X that is massless in the
symmetric phase but obtains a mass mX in the broken

[bubble wall frame]

Particle slows down 

[plasma frame]

Particle gains momentum along direction of bubble wall 
motion (gets dragged along with the bubble)!

PARTICLES CROSSING BUBBLE WALLS
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mX = 0

Thermal population of 
X particles, temp T

Typical energy 
EX~γwTEnters bubble, becomes massive 

if EX > mX

reflected
if EX < mX

Momentum transfer (wall to particle) 
from single particle crossing: 
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First order phase transitions (FOPTs) are an appealing and extensively studied source of gravita-
tional waves (GWs) from the early Universe. In most scenarios studied in the literature, the energy
released during the FOPTs is transferred primarily either to the bubble wall or to the surrounding
plasma, generating GWs either from bubble collisions or from sounds waves (and turbulence). In
this letter, we study the remaining possibility, where the energy is transferred primarily to noninter-
acting particles that do not admit a fluid description. We discuss the conditions under which such
scenarios can arise, develop a three-dimensional simulation to study the evolution of these particles
and the subsequent production of GWs, and demonstrate that these configurations can generate
observable GW signals with qualitatively distinct characteristics compared to traditionally studied
GW signals.

I. MOTIVATION

Gravitational waves (GWs) provide a unique probe of
physics in the early universe far before Big Bang nucle-
osynthesis (BBN), and o↵er a particularly promising win-
dow into new physics phenomena at high energy scales.
One of the most attractive targets for gravitational wave
detectors is a first order phase transition (FOPT) in the
early universe, where the metastable false vacuum of the
early universe decays away through the nucleation, ex-
pansion, and percolation of bubbles of true vacuum. The
properties of GW signals generated by such FOPTs have
been extensively studied in the literature (see e.g. [1–4]
for some reviews). While such studies have tradition-
ally focused on the electroweak phase transition, FOPTs
are more generic and can be realized in a broader class
of beyond the Standard Model (BSM) scenarios, where
the existence and breaking of additional symmetries in
dark/hidden/secluded sectors is motivated by several ar-
guments, such as dark matter and neutrino masses. GWs
from such FOPTs in dark sectors are less constrained and
can be realized across a broader range of energy scales,
as studied in the literature [5–7].

In FOPTs, GWs are primarily sourced by bubble wall
collisions [13–16] if the bubble walls can accelerate and
carry away most of the energy released in the phase tran-
sition, or by sound waves [8, 9] and turbulence [10–12]
if significant interactions between the bubble walls and
the plasma result in the released energy being e�ciently
transferred to the plasma surrounding the bubble walls.
These contributions have distinct spectral features de-
termined by the details of how the sounds waves in the
plasma and the bubble walls interact during the percola-
tion phase of the phase transition. In hidden sector phase
transitions, there exists a third possibility that has hith-
erto not been considered in the literature: the energy
released in the phase transition can end up primarily in
noninteracting particles in the hidden sector that free-
stream and do not admit a fluid description, so that nei-
ther bubble wall collisions nor sound waves in the plasma

are appreciable sources of GWs.
The purpose of this letter is to study such scenar-

ios, developing the formalism to study the evolution of
such noninteracting particles and derive the GW signals
produced by these configurations. We find that such
noninteracting particles, if produced or made massive
as a consequence of the FOPT, form extended nonin-
teracting shells that expand with the expanding bubble
walls. When the bubble walls collide, these shells pass
through without interacting, and continue to propagate
until these particles decay. In this letter, we demonstrate
that such configurations can produce observable gravita-
tional wave signals, with features that are qualitatively
di↵erent from any known GW signals from phase transi-
tions in the literature. [Is that true? Signal looks a lot
like bulk flow.]

II. FRAMEWORK

We first provide a broad discussion of the general
framework for our study. We are interested in setups
where the energy released in the phase transition is pri-
marily transferred to heavy, noninteracting particles that
free-stream in the broken phase. Here, we broadly discuss
the conditions under which such setups can be realized.
Consider a first order phase transition involving a hid-

den sector scalar field s obtaining a vev hsi at temper-
ature T , which results in bubbles with wall thickness
L(⇠ hsi

�1) and boost factor �w. Here T denotes the
temperature of the thermal bath with which the scalar
field is in equilibrium; in general, T . hsi in most re-
alistic or relevant? models of thermally triggered phase
transitions. For simplicity, we assume that the hidden
sector constitutes the dominant form of radiation, and
the energy in the Standard Model (SM) bath is negligi-
ble.
⇠

m2
X

2EX

Next, consider some particle X that is massless in the
symmetric phase but obtains a mass mX in the broken

[bubble wall frame]

Particle slows down 
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momentum tensor from these non-interacting particles,
we first calculate the profile before collision. One ex-
pects that bubbles develop a self-similar profile, since
the only input macroscopic scale the bubble size. The
profile of the energy-momentum tensor inside the bubble
is computed by assuming that the particles satisfy the
Fermi-Dirac/Bose-Einstein distribution before entering,
and by implying energy conservation at the bubble wall.
The details are given in the supplementary material,

and the calculated profiles for several model parameters
are shown in Figs. 1. We see that the bubbles have two
characteristic length scales, the bubble size and the (non-
interacting) shell thickness. We expect that these two
scales get imprinted in the GW spectrum, which we will
see in the next section.

Two di↵erent scales also appear in the GW pro-
duction from sound waves, in which the particles in-
teract frequently in the broken phase and form fluid
shells [8, 9, 24][25, 26]. The fluid shells work as a long-
lasting source of GWs. However, there is a crucial di↵er-
ence between this case and our scenario. The most cru-
cial is the linear superposition of the energy-momentum
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This immediately means that the GW source behaves
nonlinearly in the superposition of the fluid shells
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We indeed see that the two-point ensemble average of
the anisotropic stress ⇧ ⇠ ⇤ij,kl hT

⇤
ijTkli is fourth order

in the fluid velocity. Due to this nonlinearity new corre-
lations get imprinted at the scale k ⇠ (shell thickness)�1,
allowing for accumulation of GWs at the same scale even
long after collisions.

Fig. 2 shows the time evolution of the two systems. We
clearly see the di↵erence between the two. We see how
this di↵erence is imprinted in the GW spectrum in the
next section.

IV. GRAVITATIONAL WAVE SIGNALS

To study the GW signal in our scenario, we develop
a 3d simulation code. We use the same nucleation algo-
rithm as [27], while for the calculation of the spectrum
we developed a totally new algorithm. We refer readers
to the supplementary material for the details.

FIG. 3. GW spectrum for m/T = 1 and vw = 0.7 (blue),
m/T = 2 and vw = 0.95 (red), and m/T = 3 and vw = 0.99
(green). We take average over 50 nucleation histories in a box
V = L3 = (80/�)3. The gray dashed lines are proportional
to k1 and k�2 just for comparison.

We comment on another type of GW sourcing during
a first-order phase transition. In [14, 15], GW produc-
tion from thin shells (compared to cosmological size) has
been modelled, and the model is now called the bulk
flow model. While this modelling can also be interpreted
as GW production from non-interacting shells, there is
a crucial di↵erence between this and our scenario: We
have the shell thickness as an intrinsic scale of the sys-
tem. Therefore, on general ground we expect that the
two spectra are distinguishable by the UV features com-
ing from the shell thickness.

V. DISCUSSIONS

Another possible e↵ect of the non-interacting particles
is backreaction to the GWs [28, 29]+ Vishniac, Astro-
phys. J. 257, 456 (1982). (Not sure it can be called
backreaction...will check.) Pinning down this e↵ect is
challenging because one has to discuss the production of
GWs in the presence of non-interacting particles. On
general ground, one expects that the e↵ect is subdomi-
nant to the features discussed in this Letter, and thus we
leave it as future work.
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Particle gains momentum along direction of bubble wall 
motion (gets dragged along with the bubble)!
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DOMINANT EFFECT?

No runaway behavior: the wall boost factor reaches a terminal value γw ~ O(1)

If entire thermal ensemble passes through, effective pressure on bubble wall

2

dictates that massless X particles can cross the bubble
wall into the broken phase if �w EX & mX , where EX is
the energy of a given X particle. The resulting pressure
on the bubble wall due to a full thermal distribution of
these particles crossing into the bubble and becoming
massive is [ref]

Pfull ⇡ m
2
XT

2
. (1)

We can compare this with the energy density released
during the phase transition, �V . In order to make con-
nections with GW signals, we parameterize this quantity
as a fraction of the energy density in the radiation bath

↵ =
�V

⇢rad
⇡

�V

gD⇤ T 4
, (2)

where g
D
⇤ = gbosons + 7/8gfermions represents the total

number of degrees of freedom in the dark sector. If
�V < Pfull, [wouldn’t the bubble collapse?] all of the en-
ergy released from the phase transition gets transferred
to massive X particles; this is the case if

mX >

q
gD⇤ ↵T , (3)

where we have dropped an O(1) prefactor for simplic-
ity. In this case, essentially all of the energy released in
the transition goes into producing these massive parti-
cles, and the bubble wall attains a steady-state, terminal
velocity, with �w the corresponding terminal boost fac-
tor. Thus, for given mX , T,↵, Eq. (??) determines the
condition for the massive particles to saturate the energy
released in the phase transition.1

We are interested in scenarios where this population of
massive X particles or their decay products – we will de-
note the relevant particle by Y – are noninteracting over
the timescale of the phase transition. In general, a par-
ticle Y in the broken phase can have interactions with
other particles in their neighborhood within the bub-
ble while the bubbles are expanding, or with particles
in other bubbles once the bubbles collide. If these par-
ticles have a thermal abundance ⇠ T

3, the condition for
them to be noninteracting on the timescale relevant for
bubble crossing is

T
3
�R⇤ < 1 , (4)

where � is the relevant interaction cross section, and
R⇤, the average bubble size at collision, represents the
timescale over which the phase transition completes.2

1
It is known that friction due to splitting radiation can dominate

over this leading-order friction source in the presence of a light

gauge boson if the walls are extremely relativistic, and terminate

runaway behavior [? ? ? ]. This contribution is negligible for

the scenarios we consider in this paper.
2
As the amplitude of the gravitational wave signal is proportional

to the duration of the source, the maximal amplitude is reached

if the particles remain noninteracting over an entire Hubble time

i.e. T
3
�H⇤ < 1. move to later?

Note that Y particles can be either noninteracting or
thermalized in the symmetric phase, depending on the
interactions that are present; in our study of GWs we will
consider both possibilities. [Actually, we only present re-
sults for the thermalized case. ]
The scalar s can itself serve as the particle X if it gains

a large mass by virtue of the FOPT; however, a large
mass also, in general, implies a large quartic coupling
�s, which leads to e�cient self-scattering in the broken
phase. The role of X can also be played by the gauge
boson Z

0 corresponding to the broken symmetry; this re-
quires a su�ciently large gauge coupling g

0, such that
mZ0 = g

0
hsi saturates the condition in Eq. ??. This cou-

pling g
0
mZ0sZ

0
Z

0 can also give rise to scalar-mediated
s- and t-channel Z 0 self-scattering processes; assuming
�tT ⇡ mZ0 < ms ⇡ hsi, this self-scattering cross section

is � ⇠
g04
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Z0
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s
, and the condition for Z 0 to be noninter-

acting during the FOPT (Eq. ??) is
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�

H
> 1 . (5)

where we have used R⇤ ⇡ 1/�, H ⇡ T
2
/MPl. For �/H ⇡

100 and T ⇠ O(TeV), this implies hsi/(g02T ) > 106. Re-
calling that Eq. ?? also requires g0 hsi/T > O(1), satisfy-
ing the noninteracting condition above generally requires
g
0
> 0.01, <? hsi > 100T . Any other particle that gets

massive through its coupling to the scalar s will also have
similar scattering cross sections mediated by this cou-
pling, and face similar constraints. Standard thermally
triggered phase transitions generally occur at T ⇠ hsi,
hence the hsi > 100T hierarchy likely requires some non-
trivial setup, such as supercooled transitions [refs], or
transition via quantum tunnelling.3 We do not pursue
the details of such setups further, but simply empha-
size the general point that any particle that gets its mass
from the phase transition and satisfies Eq. (??) is likely to
self scatter over the course of the phase transition unless
hsi>100T , which requires somewhat nontrivial setups.
A more plausible possibility is that particle X (which

could be s, Z 0, or some other particle in the dark sec-
tor that couples significantly to s) decays rapidly into
noninteracting particles in the symmetric phase. As a
representative case, consider the Z

0 boson decay into a
pair of fermions  (corresponding to the particle Y ) in
the broken phase, via the interaction Z

0
!   ̄, with

some e↵ective coupling ✏. Since the massive Z
0 particles

move in the plasma with velocities comparable to the wall
velocity, the decay rate is

�Z0 ⇡
✏
2

8⇡ �w
mZ0 . (6)

3
In such scenarios, a SM bath at a higher temperature might

be required to avoid potentially problematic vacuum dominated

inflationary phases.

If such massive particles saturate the energy released in the phase transition 

This is the case for

• Focus on such cases, with most of the particles passing through, only a small fraction 
getting reflected  ( only for simplicity of treatment; opposite scenario can still be 
consistent with the GW signals we will discuss)

2

through the nucleation of bubbles of true vacuum (broken
phase), whose walls expand into the false vacuum (sym-
metric phase) with velocity vw (and Lorentz boost factor
�w). Here T denotes the temperature of the thermal bath
with which the scalar field is in equilibrium. In general,
T . hsi in most relevant models of thermally triggered
phase transitions. For simplicity, we assume that the hid-
den sector constitutes the dominant form of radiation, and
the energy in the Standard Model (SM) bath is negligible. 1

It is convenient to parametrize the energy density released
during the phase transition, given by the di↵erence in the
potential energies of the false and true vacua, �V , as a
fraction of the energy density in the radiation bath 2

↵ =
�V

⇢rad
=

�V

⇡2

30 gD⇤ T 4
, (1)

where g
D
⇤ = gbosons + (7/8)gfermions represents the total

number of degrees of freedom in the dark sector. We
denote the (inverse) timescale for the phase transition
to complete by �, such that �/H is the inverse fraction
of Hubble time over which the transition completes; for
vw ⇡ 1, � also represents the average bubble size at colli-
sion.

Next, consider a particle X present in the bath that
is massless in the false vacuum but obtains a mass m in
the true vacuum by virtue of its coupling to s. Energy
conservation dictates that a massless X particle with en-
ergy E in the bath can cross into the bubble wall only if
�w E & m. The pressure on the bubble wall 3 due to a full
thermal distribution of particles crossing into the bubble
and becoming massive is [34] 4

Pmax ⇡
1

24
m

2
T

2
. (2)

The free energy released in the transition, �VT (⇠ �V ),
does not saturate Pmax, i.e. �V < Pmax, for

m >

q
gD⇤ ↵T , (3)

where we have dropped an O(1) prefactor for simplicity.
In this case, the latent energy released in the transition is
entirely absorbed by an appropriate fraction of the X par-
ticle population crossing into the bubble walls and becom-
ing massive, and the bubble wall attains a steady-state,
terminal velocity.

1
Including the SM into the thermal bath will not change any of our

discussions qualitatively, but simply dilute the GW signal.
2
Strictly speaking, the phase transition strength should be param-

eterized by the trace of the energy-momentum tensor, see [52, 53].
3
Friction due to splitting radiation can be the dominant source of

energy loss in the presence of a light gauge boson if the walls are

extremely relativistic [54–57]. We assume that this contribution is

negligible for the scenarios we consider.
4
We have dropped subleading terms of O(1/�

2
) [34].

FIG. 1: Energy-momentum profile of particles inside an ex-
panding bubble. The solid (dashed) curves denote Tk (T?).

For our numerical studies, we focus on three benchmark
(BM) cases:

(m/T, vw) =

⇢
BM1 BM2 BM1
(1, 0.7) (2, 0.95) (3, 0.99)

�
. (4)

The GW signal we study in this paper is also realized for
larger values of m/T , with a small fraction of the X par-
ticle population entering the bubbles while the majority
gets reflected; we choose m/T ⇠ 1 for our benchmark cases
purely for convenience as this does not require us to keep
track of the reflected population.
Due to the energy transfer from the bubble walls to the

particles, the massive X particles in the broken phase gain
momenta in the direction of the walls, forming extended
shells that trail the bubble walls and expand outwards.
Fig. 1 shows the distribution of energy-momentum of par-
ticles within a bubble for the BM cases, with the subscripts
k and ? indicating the direction with respect to the wall
velocity (Tk = Txx and T? = Tyy = Tzz for wall motion
in the x direction); see Appendix B for details of the com-
putation, and Eq.C11 for the expression used for the plot.
The profiles are found to be self-similar (depending only
on r/t, the time-dependent bubble radius divided by the
time since nucleation), with distributions that are more
sharply peaked towards the wall for higher m/T and �w,
as these are associated with faster walls that can drag the
particles along more strongly. Most of the the energy is
concentrated in extended shells with thickness comparable
to the bubble radius, with a loose tail that extends to the
center of the bubble.
We are interested in scenarios where this population of

massive particles, or their decay products – we will denote
the relevant particle by Y – only have feeble interactions
(i.e. e↵ectively do not interact) over the timescale of the
phase transition. In the broken phase, Y could interact
with other particles in its neighborhood within a bubble
during the expansion phase, or with particles inside other
bubbles after collision. In both cases, the condition for Y
to be noninteracting during the phase transition is

nY �R⇤ < 1 . (5)
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The GW signal we study in this paper is also realized for
larger values of m/T , with a small fraction of the X par-
ticle population entering the bubbles while the majority
gets reflected; we choose m/T ⇠ 1 for our benchmark cases
purely for convenience as this does not require us to keep
track of the reflected population.
Due to the energy transfer from the bubble walls to the

particles, the massive X particles in the broken phase gain
momenta in the direction of the walls, forming extended
shells that trail the bubble walls and expand outwards.
Fig. 1 shows the distribution of energy-momentum of par-
ticles within a bubble for the BM cases, with the subscripts
k and ? indicating the direction with respect to the wall
velocity (Tk = Txx and T? = Tyy = Tzz for wall motion
in the x direction); see Appendix B for details of the com-
putation, and Eq.C11 for the expression used for the plot.
The profiles are found to be self-similar (depending only
on r/t, the time-dependent bubble radius divided by the
time since nucleation), with distributions that are more
sharply peaked towards the wall for higher m/T and �w,
as these are associated with faster walls that can drag the
particles along more strongly. Most of the the energy is
concentrated in extended shells with thickness comparable
to the bubble radius, with a loose tail that extends to the
center of the bubble.
We are interested in scenarios where this population of

massive particles, or their decay products – we will denote
the relevant particle by Y – only have feeble interactions
(i.e. e↵ectively do not interact) over the timescale of the
phase transition. In the broken phase, Y could interact
with other particles in its neighborhood within a bubble
during the expansion phase, or with particles inside other
bubbles after collision. In both cases, the condition for Y
to be noninteracting during the phase transition is

nY �R⇤ < 1 . (5)
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PARTICLE INTERACTIONS
FEEBLY INTERACTING PARTICLES 

We are interested in particles that do not interact over the 
timescale of the phase transition , ie R* ≈ 1/β  

NONINTERACTING:

k

/B+i�i2b i?�i K�bbH2bb X T�`iB+H2b +�M +`Qbb i?2 #m##H2
r�HH BMiQ i?2 #`QF2M T?�b2 B7 �w EX & mX - r?2`2 EX Bb
i?2 2M2`;v Q7 � ;Bp2M X T�`iB+H2X h?2 `2bmHiBM; T`2bbm`2
QM i?2 #m##H2 r�HH /m2 iQ � 7mHH i?2`K�H /Bbi`B#miBQM Q7
i?2b2 T�`iB+H2b +`QbbBM; BMiQ i?2 #m##H2 �M/ #2+QKBM;
K�bbBp2 Bb (`27)

P ⇡
1

24
m

2
XT

2
. URV

q2 +�M +QKT�`2 i?Bb rBi? i?2 2M2`;v /2MbBiv `2H2�b2/
/m`BM; i?2 T?�b2 i`�MbBiBQM- �V X AM Q`/2` iQ K�F2 +QM@
M2+iBQMb rBi? :q bB;M�Hb- r2 T�`�K2i2`Bx2 i?Bb [m�MiBiv
�b � 7`�+iBQM Q7 i?2 2M2`;v /2MbBiv BM i?2 `�/B�iBQM #�i?

↵ =
�V

⇢rad
=

�V

⇡2

30 gD⇤ T 4
, UkV

r?2`2 g
D
⇤ = gbosons + 7/8gfermions `2T`2b2Mib i?2 iQi�H

MmK#2` Q7 /2;`22b Q7 7`22/QK BM i?2 /�`F b2+iQ`X A7
�V < P- (rQmH/MǶi i?2 #m##H2 +QHH�Tb2\) �HH Q7 i?2 2M@
2`;v `2H2�b2/ 7`QK i?2 T?�b2 i`�MbBiBQM ;2ib i`�Mb72``2/
iQ K�bbBp2 X T�`iB+H2bc i?Bb Bb i?2 +�b2 B7

mX > ⇡

q
gD⇤ ↵T , UjV

r?2`2 r2 ?�p2 /`QTT2/ �M O(1) T`27�+iQ` 7Q` bBKTHB+@
BivX AM i?Bb +�b2- 2bb2MiB�HHv �HH Q7 i?2 2M2`;v `2H2�b2/ BM
i?2 i`�MbBiBQM ;Q2b BMiQ T`Q/m+BM; i?2b2 K�bbBp2 T�`iB@
+H2b- �M/ i?2 #m##H2 r�HH �ii�BMb � bi2�/v@bi�i2- i2`KBM�H
p2HQ+Biv- rBi? �w i?2 +Q``2bTQM/BM; i2`KBM�H #QQbi 7�+@
iQ`X h?mb- 7Q` ;Bp2M mX , T,↵- 1[X UjV /2i2`KBM2b i?2
+QM/BiBQM 7Q` i?2 K�bbBp2 T�`iB+H2b iQ b�im`�i2 i?2 2M2`;v
`2H2�b2/ BM i?2 T?�b2 i`�MbBiBQMXR

q2 �`2 BMi2`2bi2/ BM b+2M�`BQb r?2`2 i?Bb TQTmH�iBQM Q7
K�bbBp2 X T�`iB+H2b Q` i?2B` /2+�v T`Q/m+ib Ĝ r2 rBHH /2@
MQi2 i?2 `2H2p�Mi T�`iB+H2 #v Y Ĝ �`2 MQMBMi2`�+iBM; Qp2`
i?2 iBK2b+�H2 Q7 i?2 T?�b2 i`�MbBiBQMX AM ;2M2`�H- � T�`@
iB+H2 Y BM i?2 #`QF2M T?�b2 +�M ?�p2 BMi2`�+iBQMb rBi?
Qi?2` T�`iB+H2b BM i?2B` M2B;?#Q`?QQ/ rBi?BM i?2 #m#@
#H2 r?BH2 i?2 #m##H2b �`2 2tT�M/BM;- Q` rBi? T�`iB+H2b
BM Qi?2` #m##H2b QM+2 i?2 #m##H2b +QHHB/2X A7 i?2b2 T�`@
iB+H2b ?�p2 � i?2`K�H �#mM/�M+2 ⇠ T

3- i?2 +QM/BiBQM 7Q`
i?2K iQ #2 MQMBMi2`�+iBM; QM i?2 iBK2b+�H2 `2H2p�Mi 7Q`
#m##H2 +`QbbBM; Bb

T
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�R⇤ < 1 , U9V

r?2`2 � Bb i?2 `2H2p�Mi BMi2`�+iBQM +`Qbb b2+iBQM- �M/
R⇤- i?2 �p2`�;2 #m##H2 bBx2 �i +QHHBbBQM- `2T`2b2Mib i?2
iBK2b+�H2 Qp2` r?B+? i?2 T?�b2 i`�MbBiBQM +QKTH2i2bXk

R Ai Bb FMQrM i?�i 7`B+iBQM /m2 iQ bTHBiiBM; `�/B�iBQM +�M /QKBM�i2
Qp2` i?Bb H2�/BM;@Q`/2` 7`B+iBQM bQm`+2 BM i?2 T`2b2M+2 Q7 � HB;?i
;�m;2 #QbQM B7 i?2 r�HHb �`2 2ti`2K2Hv `2H�iBpBbiB+- �M/ i2`KBM�i2
`mM�r�v #2?�pBQ` (R3Ĝky)X h?Bb +QMi`B#miBQM Bb M2;HB;B#H2 7Q` i?2
b+2M�`BQb r2 +QMbB/2` BM i?Bb T�T2`X

k �b i?2 �KTHBim/2 Q7 i?2 ;`�pBi�iBQM�H r�p2 bB;M�H Bb T`QTQ`iBQM�H
iQ i?2 /m`�iBQM Q7 i?2 bQm`+2- i?2 K�tBK�H �KTHBim/2 Bb `2�+?2/
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i?2`K�HBx2/ BM i?2 bvKK2i`B+ T?�b2- /2T2M/BM; QM i?2
BMi2`�+iBQMb i?�i �`2 T`2b2Mic BM Qm` bim/v Q7 :qb r2 rBHH
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h?2 b+�H�` s +�M Bib2H7 b2`p2 �b i?2 T�`iB+H2 X B7 Bi ;�BMb
� H�`;2 K�bb #v pB`im2 Q7 i?2 6PShc ?Qr2p2`- � H�`;2
K�bb �HbQ- BM ;2M2`�H- BKTHB2b � H�`;2 [m�`iB+ +QmTHBM;
�s- r?B+? H2�/b iQ 2{+B2Mi b2H7@b+�ii2`BM; BM i?2 #`QF2M
T?�b2X h?2 `QH2 Q7 X +�M �HbQ #2 TH�v2/ #v i?2 ;�m;2
#QbQM Z

0 +Q``2bTQM/BM; iQ i?2 #`QF2M bvKK2i`vc i?Bb `2@
[mB`2b � bm{+B2MiHv H�`;2 ;�m;2 +QmTHBM; g
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b@ �M/ i@+?�MM2H Z
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r?2`2 r2 ?�p2 mb2/ R⇤ ⇡ 1/�- H ⇡ T
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/MPlX 6Q` �/H ⇡

100 �M/ T ⇠ O(h2oV- i?Bb BKTHB2b hsi/(g02T ) > 106X _2@
+�HHBM; i?�i 1[X j �HbQ `2[mB`2b g
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hsi/T > O(1)- b�iBb7v@

BM; i?2 MQMBMi2`�+iBM; +QM/BiBQM �#Qp2 ;2M2`�HHv `2[mB`2b
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> 0.01, <? hsi > 100T X �Mv Qi?2` T�`iB+H2 i?�i ;2ib
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b2H7 b+�ii2` Qp2` i?2 +Qm`b2 Q7 i?2 T?�b2 i`�MbBiBQM mMH2bb
hsi>100T - r?B+? `2[mB`2b bQK2r?�i MQMi`BpB�H b2imTbX

� KQ`2 TH�mbB#H2 TQbbB#BHBiv Bb i?�i T�`iB+H2 X Ur?B+?
+QmH/ #2 s- Z

0- Q` bQK2 Qi?2` T�`iB+H2 BM i?2 /�`F b2+@
iQ` i?�i +QmTH2b bB;MB}+�MiHv iQ sV /2+�vb `�TB/Hv BMiQ
MQMBMi2`�+iBM; T�`iB+H2b BM i?2 bvKK2i`B+ T?�b2X �b �
`2T`2b2Mi�iBp2 +�b2- +QMbB/2` i?2 Z

0 #QbQM /2+�v BMiQ �
T�B` Q7 72`KBQMb  U+Q``2bTQM/BM; iQ i?2 T�`iB+H2 Y V BM
i?2 #`QF2M T?�b2- pB� i?2 BMi2`�+iBQM Z

0
!   ̄- rBi?

bQK2 2z2+iBp2 +QmTHBM; ✏X aBM+2 i?2 K�bbBp2 Z
0 T�`iB+H2b

KQp2 BM i?2 TH�bK� rBi? p2HQ+BiB2b +QKT�`�#H2 iQ i?2 r�HH
p2HQ+Biv- i?2 /2+�v `�i2 Bb

�Z0 ⇡
✏
2

8⇡ �w
mZ0 . UeV

j AM bm+? b+2M�`BQb- � aJ #�i? �i � ?B;?2` i2KT2`�im`2 KB;?i
#2 `2[mB`2/ iQ �pQB/ TQi2MiB�HHv T`Q#H2K�iB+ p�+mmK /QKBM�i2/
BM~�iBQM�`v T?�b2bX

Can occur in many dark sectors models


Irreducible interaction mediated by the scalar: can be 
“noninteracting” if scalar is very heavy


The massive particles can also decay away rapidly into FIPs
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SIMULATION:


FIPS

FROM FOPT

Blue→ yellow→red


Increasing energy 
density

(Ignore red dots: 
numerical artefacts)
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SIMULATION 

COMPARISON:


 SOUND 
WAVES

Blue→ yellow→red


Increasing energy 
density

(Different scaling from 
FIP simulation)
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* Sound shells thickness is characteristic, 
does not change after collision 

Feebly Interacting Particles (FIPs)
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FIG. 5: Gravitational wave signals from FIPs with m/T = 3,
vw = 0.99, and g

D
⇤ = 5 (which determine ↵ = 0.23). The

di↵erent curves correspond to T = 5 TeV, �/H = 100 (blue),
T = 5 TeV, �/H = 50 (red), T = 1 PeV, �/H = 100 (yellow),
and T = 100 PeV, �/H = 50 (green). For comparison, we
also show a sound wave signal (solid curve), using the same
phase transition parameters as the blue curve, and ↵ = 0.23.
The power-law integrated sensitivity curves for gravitational
wave experiments [28–32] are for 1 year observation time, with
signal-to-noise ratio = 1, obtained from [62].

transition completes, we expect the IR component to shut
o↵ exponentially, leaving another characteristic imprint on
the signal. For comparison, we also include the GW signal
predicted from a sound wave source (blue curve, made with
PTPlot [10]), with the same phase transition parameters as
the blue FIP curve.

The position of the peak of the sound wave signal is set
by the size of the sound shells [42], whereas the peak of the
FIP signal is set by the bubble size, which explains the or-
der of magnitude di↵erence in peak frequency. We see that
the amplitude of the GW signal from FIPs is comparable
to the sound wave signal: despite the �/H enhancement of
the latter due to the signal accumulating at the same scale,
FIPs appear to be more e�cient at sourcing GW signals
as there is no energy loss ine�ciency due to their nonin-
teracting nature. The plot shows that various upcoming
space- or ground-based gravitational wave detectors can
be sensitive to FIP-GW signals produced from such phase
transitions across a broad range of energy scales. Further-
more, the accumulation of the GW signal over a broader
range of wavenumbers also results in the FIP signal having
a broader peak that scales as ⇠ k

1, which is a distinguish-
ing characteristic of this source that can be used to identify
this scenario.

IV. DISCUSSION

In this Letter, we have discussed a novel source of gravi-
tational wave (GW) signal from a first order phase transi-
tion: feebly interacting particles (FIPs) carrying the dom-
inant fraction of the latent energy of the false vacuum re-
leased in a phase transition in a dark sector. This provides

an interesting and realistic alternative to conventionally
studied GW signals from bubble wall collisions and sound
waves and turbulence in the plasma, and we have demon-
strated that the GW spectra are qualitatively di↵erent:
compared to a sound wave source with similar phase tran-
sition parameters, the FIP-induced signal has comparable
amplitude but is broader, and scales di↵erently with fre-
quency. The spectral shape is most similar to that from
what is known as the bulk flow model [36, 37], which mod-
els GW production from thin shells; the crucial di↵erence
with our setup is the extended FIP shell thickness, which
can imprint distinguishable UV features in the signal. We
have also shown that these novel GW signals could be
observable in next-generation GW experiments for some
benchmark cases. Such FIP configurations appear to be
particularly e�cient sources of GWs, since there are no
energy loss ine�ciencies due to their noninteracting na-
ture, and the FIP generated GW signals are comparable
in strength to those encountered with sound wave sources.
The qualitative features of the signal we presented here

are robust, and the underlying physics well-understood.
To avoid the need for numerical simulations to derive the
GW signal, we have provided an easy to use analytic for-
mula in Eq. 10 that (in conjunction Fig. 4) can be used
to estimate the GW spectra from FIPs in specific BSM
models and study the prospects of detection for future ex-
periments.
Several aspects of our results merit further detailed

study. We studied a simplified, idealized scenario where
the entire energy released in the phase transition goes into
FIPs, which act as the only source of GWs. Realistic sce-
narios likely involve additional features: for instance, a
fraction of the particle distribution will get reflected into
the false vacuum region; some fraction of the FIPs may
in fact self-scatter, or decay into interacting SM states on
the same timescale as or shortly after the phase transition.
These e↵ects can give rise to sound waves in the plasma,
which can act as a secondary source of GWs, while sup-
pressing the signal from FIPs. We estimate that if an O(1)
fraction of the FIPs act in such ways, the resulting sound-
wave sourced GW contribution would be of comparable
magnitude. Nevertheless, even in such cases, the two con-
tributions can likely be distinguished in an observed signal
based on their distinct features (as seen in Fig. 5). Sim-
ilarly, the case where FIPs produced from the decay of
particles crossing into the bubble are significantly lighter
than the parent particle will also change the distribution of
particles, thus changing the signal; nevertheless, we expect
the spectral features to remain the same.
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predicted from a sound wave source (blue curve, made with
PTPlot [10]), with the same phase transition parameters as
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The position of the peak of the sound wave signal is set
by the size of the sound shells [42], whereas the peak of the
FIP signal is set by the bubble size, which explains the or-
der of magnitude di↵erence in peak frequency. We see that
the amplitude of the GW signal from FIPs is comparable
to the sound wave signal: despite the �/H enhancement of
the latter due to the signal accumulating at the same scale,
FIPs appear to be more e�cient at sourcing GW signals
as there is no energy loss ine�ciency due to their nonin-
teracting nature. The plot shows that various upcoming
space- or ground-based gravitational wave detectors can
be sensitive to FIP-GW signals produced from such phase
transitions across a broad range of energy scales. Further-
more, the accumulation of the GW signal over a broader
range of wavenumbers also results in the FIP signal having
a broader peak that scales as ⇠ k
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ing characteristic of this source that can be used to identify
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tational wave (GW) signal from a first order phase transi-
tion: feebly interacting particles (FIPs) carrying the dom-
inant fraction of the latent energy of the false vacuum re-
leased in a phase transition in a dark sector. This provides

an interesting and realistic alternative to conventionally
studied GW signals from bubble wall collisions and sound
waves and turbulence in the plasma, and we have demon-
strated that the GW spectra are qualitatively di↵erent:
compared to a sound wave source with similar phase tran-
sition parameters, the FIP-induced signal has comparable
amplitude but is broader, and scales di↵erently with fre-
quency. The spectral shape is most similar to that from
what is known as the bulk flow model [36, 37], which mod-
els GW production from thin shells; the crucial di↵erence
with our setup is the extended FIP shell thickness, which
can imprint distinguishable UV features in the signal. We
have also shown that these novel GW signals could be
observable in next-generation GW experiments for some
benchmark cases. Such FIP configurations appear to be
particularly e�cient sources of GWs, since there are no
energy loss ine�ciencies due to their noninteracting na-
ture, and the FIP generated GW signals are comparable
in strength to those encountered with sound wave sources.
The qualitative features of the signal we presented here

are robust, and the underlying physics well-understood.
To avoid the need for numerical simulations to derive the
GW signal, we have provided an easy to use analytic for-
mula in Eq. 10 that (in conjunction Fig. 4) can be used
to estimate the GW spectra from FIPs in specific BSM
models and study the prospects of detection for future ex-
periments.
Several aspects of our results merit further detailed

study. We studied a simplified, idealized scenario where
the entire energy released in the phase transition goes into
FIPs, which act as the only source of GWs. Realistic sce-
narios likely involve additional features: for instance, a
fraction of the particle distribution will get reflected into
the false vacuum region; some fraction of the FIPs may
in fact self-scatter, or decay into interacting SM states on
the same timescale as or shortly after the phase transition.
These e↵ects can give rise to sound waves in the plasma,
which can act as a secondary source of GWs, while sup-
pressing the signal from FIPs. We estimate that if an O(1)
fraction of the FIPs act in such ways, the resulting sound-
wave sourced GW contribution would be of comparable
magnitude. Nevertheless, even in such cases, the two con-
tributions can likely be distinguished in an observed signal
based on their distinct features (as seen in Fig. 5). Sim-
ilarly, the case where FIPs produced from the decay of
particles crossing into the bubble are significantly lighter
than the parent particle will also change the distribution of
particles, thus changing the signal; nevertheless, we expect
the spectral features to remain the same.
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FIPs appear to be more e�cient at sourcing GW signals
as there is no energy loss ine�ciency due to their nonin-
teracting nature. The plot shows that various upcoming
space- or ground-based gravitational wave detectors can
be sensitive to FIP-GW signals produced from such phase
transitions across a broad range of energy scales. Further-
more, the accumulation of the GW signal over a broader
range of wavenumbers also results in the FIP signal having
a broader peak that scales as ⇠ k

1, which is a distinguish-
ing characteristic of this source that can be used to identify
this scenario.

IV. DISCUSSION

In this Letter, we have discussed a novel source of gravi-
tational wave (GW) signal from a first order phase transi-
tion: feebly interacting particles (FIPs) carrying the dom-
inant fraction of the latent energy of the false vacuum re-
leased in a phase transition in a dark sector. This provides

an interesting and realistic alternative to conventionally
studied GW signals from bubble wall collisions and sound
waves and turbulence in the plasma, and we have demon-
strated that the GW spectra are qualitatively di↵erent:
compared to a sound wave source with similar phase tran-
sition parameters, the FIP-induced signal has comparable
amplitude but is broader, and scales di↵erently with fre-
quency. The spectral shape is most similar to that from
what is known as the bulk flow model [36, 37], which mod-
els GW production from thin shells; the crucial di↵erence
with our setup is the extended FIP shell thickness, which
can imprint distinguishable UV features in the signal. We
have also shown that these novel GW signals could be
observable in next-generation GW experiments for some
benchmark cases. Such FIP configurations appear to be
particularly e�cient sources of GWs, since there are no
energy loss ine�ciencies due to their noninteracting na-
ture, and the FIP generated GW signals are comparable
in strength to those encountered with sound wave sources.
The qualitative features of the signal we presented here

are robust, and the underlying physics well-understood.
To avoid the need for numerical simulations to derive the
GW signal, we have provided an easy to use analytic for-
mula in Eq. 10 that (in conjunction Fig. 4) can be used
to estimate the GW spectra from FIPs in specific BSM
models and study the prospects of detection for future ex-
periments.
Several aspects of our results merit further detailed

study. We studied a simplified, idealized scenario where
the entire energy released in the phase transition goes into
FIPs, which act as the only source of GWs. Realistic sce-
narios likely involve additional features: for instance, a
fraction of the particle distribution will get reflected into
the false vacuum region; some fraction of the FIPs may
in fact self-scatter, or decay into interacting SM states on
the same timescale as or shortly after the phase transition.
These e↵ects can give rise to sound waves in the plasma,
which can act as a secondary source of GWs, while sup-
pressing the signal from FIPs. We estimate that if an O(1)
fraction of the FIPs act in such ways, the resulting sound-
wave sourced GW contribution would be of comparable
magnitude. Nevertheless, even in such cases, the two con-
tributions can likely be distinguished in an observed signal
based on their distinct features (as seen in Fig. 5). Sim-
ilarly, the case where FIPs produced from the decay of
particles crossing into the bubble are significantly lighter
than the parent particle will also change the distribution of
particles, thus changing the signal; nevertheless, we expect
the spectral features to remain the same.
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• Peaks at lower frequency                                                                            
FIP particle shell thickness is of order bubble size, sounds shell thickness is an order 

of magnitude smaller

• Broader peak with ~k plateau                                               
sound wave signals get imprinted at the same scale, FIP signals accumulate across a 

range of wavenumbers

• Comparable amplitude                                                                
FIP shells are noninteracting: no energy loss inefficiencies

Can be fit with a 
simple formula     

(see paper)
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PART I SUMMARY

• A new possibility for first order phase transitions, beyond bubble walls 
and sound waves (+turbulence): feebly interacting particles


• Can produce observable gravitational wave signals, with 
distinct characteristics


• We provide an easy to use simple analytic fit formula, to estimate 
this contribution in frameworks that contain noninteracting particles

NOVEL GRAVITATIONAL WAVE SIGNALS 

FROM DARK PHASE TRANSITIONS
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PART II:  PARTICLE PRODUCTION FROM FOPTS

HENDA MANSOUR

ARXIV: 2308.1                            2308.16224    

ARXIV: 2308.1                            2308.13070    

Hamburg/DESY (Master’s) 
→ Karlsruhe (PhD)
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PARTICLE PRODUCTION FROM SCALAR FIELD DYNAMICS

FOPTs involve nontrivial dynamics of the background field:
• Bubbles nucleate

• Bubble walls propagate in space

• Bubble walls collide

• Excitations/oscillation of the background field after collision 

A changing  background can 
produce particles out of vacuum

(Gravitational particle production, 
Schwinger effect,  Hawking radiation…)

“Irreducible” form of particle production: does not depend on 
nature/existence of a particle bath

Complicated to calculate because of inhomogeneous nature of 
the process (e.g. cannot use Bogoliubov transformation)
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SCALAR FIELD DYNAMICS AT BUBBLE COLLISION

Watkins+Widrow Nucl.Phys.B 374 (1992)

Konstandin+Servant 1104.4793 [hep-ph]

Falkowski+No 1211.5615 [hep-ph]

Moment of collision: scalar field gets a “kick”

Two qualitatively different possibilities:

Field gets kicked back to false vacuum
Elastic Collision

Field oscillates around true vacuum
Inelastic Collision

Bubble walls recede, get pulled back again, undergo 
multiple collisions

Bubble walls stick together; generates 
scalar waves



23

Watkins+Widrow Nucl.Phys.B 374 (1992)
Konstandin+Servant 1104.4793 [hep-ph]
Falkowski+No 1211.5615 [hep-ph]

Particle production per unit bubble wall area

PARTICLE PRODUCTION AT BUBBLE COLLISION

P =

∫

d4p

(2π)4
Im
(

Γ̃(2)
(

p2
)

)

∫

d4x1 d
4x2 h(x1) h(x2) e

ip(x1−x2) (2.13)

The last integral in (2.13) is just
∣

∣

∣
h̃(p)

∣

∣

∣

2

, with h̃(p) being the Fourier transform of the

Higgs field configuration h(x)

h̃(p) =

∫

d4xh(x) eip x (2.14)

For a background field configuration h(z, t), its Fourier transform is given by h̃(p) =
(2π)2 δ(px) δ(py) h̃(pz,ω). Then, using (2.13), we obtain the mean number of particles pro-
duced per unit area [8]:

N
A

= 2

∫

dpz dω

(2 π)2

∣

∣

∣
h̃(pz,ω)

∣

∣

∣

2
Im
(

Γ̃(2)
(

ω2 − p2z
)

)

(2.15)

The physical interpretation of (2.15) is rather simple [8]: the scalar field configuration
h(z, t), corresponding to the two bubble walls that approach and collide, can be decomposed
into modes of definite four-momentum p2 = ω2 − p2z via the Fourier transform. Modes
with p2 > 0 represent propagating field quanta with mass squared m2 = p2. Then, (2.15)
integrates over the amount of field quanta of mass p2 contained in the field configuration
multiplied by the probability of those quanta to decay.

The Fourier transform of the background field configuration h(z, t) can be performed
explicitly both for the case of a perfectly elastic collision and of a totally inelastic one
analyzed in the previous section. For a perfectly elastic collision, in the limit of infinitely
thin walls (h(z, t) = h∞), we obtain

h̃(pz,ω) = h̃∞(pz,ω) ≡
4 vT

ω2 − p2z
(2.16)

However, since the highest values of pz and ω available in the field configuration are
naively expected to be of order γw/lw (modes with pz,ω # γw/lw will be exponentially
damped), the integration in (2.15) should in this case be cut-off for pz > γw/lw and ω >
γw/lw. From (2.15) and (2.16) we then obtain

N∞

A
=

32 v2T
π2

∫
γw
lw

0

dω

∫
γw
lw

0

dpz
Im
(

Γ̃(2) (ω2 − p2z)
)

(ω2 − p2z)
2 (2.17)

Alternatively, when the thickness of the bubble walls is accounted for (h(z, t) = hlw), the
Fourier transform of (2.3) gives

h̃(pz,ω) = h̃lw(pz,ω) ≡
π lw ω

2 γw

4 vT

Sinh
[

π lw ω
2 γw

]

1

ω2 − p2z
(2.18)

which automatically incorporates the exponential damping for ω, pz # γw/lw. The mean
number of particles per unit area now reads

8

Decompose excitation into Fourier modes

2 point 1PI Green function.

Imaginary part gives decay probability

Each mode can be interpreted as field quanta with 
given energy that can decay
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Watkins+Widrow Nucl.Phys.B 374 (1992)
Konstandin+Servant 1104.4793 [hep-ph]
Falkowski+No 1211.5615 [hep-ph]

Particle production per unit bubble wall area

PARTICLE PRODUCTION AT BUBBLE COLLISION

P =

∫

d4p

(2π)4
Im
(

Γ̃(2)
(

p2
)

)

∫

d4x1 d
4x2 h(x1) h(x2) e

ip(x1−x2) (2.13)

The last integral in (2.13) is just
∣

∣

∣
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, with h̃(p) being the Fourier transform of the

Higgs field configuration h(x)

h̃(p) =

∫

d4xh(x) eip x (2.14)

For a background field configuration h(z, t), its Fourier transform is given by h̃(p) =
(2π)2 δ(px) δ(py) h̃(pz,ω). Then, using (2.13), we obtain the mean number of particles pro-
duced per unit area [8]:
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∣
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∣
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)

(2.15)

The physical interpretation of (2.15) is rather simple [8]: the scalar field configuration
h(z, t), corresponding to the two bubble walls that approach and collide, can be decomposed
into modes of definite four-momentum p2 = ω2 − p2z via the Fourier transform. Modes
with p2 > 0 represent propagating field quanta with mass squared m2 = p2. Then, (2.15)
integrates over the amount of field quanta of mass p2 contained in the field configuration
multiplied by the probability of those quanta to decay.

The Fourier transform of the background field configuration h(z, t) can be performed
explicitly both for the case of a perfectly elastic collision and of a totally inelastic one
analyzed in the previous section. For a perfectly elastic collision, in the limit of infinitely
thin walls (h(z, t) = h∞), we obtain

h̃(pz,ω) = h̃∞(pz,ω) ≡
4 vT

ω2 − p2z
(2.16)

However, since the highest values of pz and ω available in the field configuration are
naively expected to be of order γw/lw (modes with pz,ω # γw/lw will be exponentially
damped), the integration in (2.15) should in this case be cut-off for pz > γw/lw and ω >
γw/lw. From (2.15) and (2.16) we then obtain

N∞

A
=

32 v2T
π2

∫
γw
lw

0

dω

∫
γw
lw

0

dpz
Im
(

Γ̃(2) (ω2 − p2z)
)

(ω2 − p2z)
2 (2.17)

Alternatively, when the thickness of the bubble walls is accounted for (h(z, t) = hlw), the
Fourier transform of (2.3) gives

h̃(pz,ω) = h̃lw(pz,ω) ≡
π lw ω

2 γw

4 vT

Sinh
[

π lw ω
2 γw

]

1

ω2 − p2z
(2.18)

which automatically incorporates the exponential damping for ω, pz # γw/lw. The mean
number of particles per unit area now reads

8

Decompose excitation into Fourier modes

Nlw

A
=

8 v2T l2w
γ2
w

∫ ∞

0

dω

∫ ∞

0

dpz
Im
(

Γ̃(2) (ω2 − p2z)
)

(ω2 − p2z)
2

ω2

(

Sinh
[

π lw ω
2 γw

])2 (2.19)

For the opposite case of a totally inelastic collision (h(z, t) = hTI), the Fourier transform
is given by

h̃(pz,ω) = h̃TI(pz,ω) ≡
π lw pz
2 γw

2 vT

Sinh
[

π lw pz
2 γw

]

(

1

ω2 − p2z
− 1

ω2 − p2z −m2
h

)

(2.20)

The relative “−” sign between the two contributions in (2.20) can be easily understood
noticing that in the limit mh → 0 the Fourier transform of hTI(z, t) should give h̃(pz,ω) ∼
δ(ω ± pz). From (2.20), the mean number of particles produced per unit area in the case of
a totally inelastic collision is given by

NTI

A
=

2 v2T l2w
γ2
w

∫ ∞

0

dω

∫ ∞

0

dpz
m4

h Im
(

Γ̃(2) (ω2 − p2z)
)

(ω2 − p2z)
2 (ω2 − p2z −m2

h)
2

p2z
(

Sinh
[

π lw pz
2 γw

])2 (2.21)

The expressions (2.17), (2.19) and (2.21) can be rewritten in a more compact form by
making the change of variables χ = ω2 − p2z, Ψ = ω2 + p2z. After performing the integral in
Ψ, the mean number of particles produced per unit area finally reads

N
A

=
1

2 π2

∫ ∞

0

dχ f(χ) Im
(

Γ̃(2) (χ)
)

(2.22)

The function f(χ) encodes the details of the bubble collision process and quantifies the
efficiency of particle production. For a perfectly elastic collision, in the limit of infinitely
thin bubble walls, we have

f(χ) = f∞(χ) ≡
16 v2T Log

[

2 ( γw
lw
)
2
−χ+2 γw

lw

√

( γw
lw
)
2
−χ

χ

]

χ2
Θ

[

(

γw
lw

)2

− χ

]

(2.23)

For a perfectly elastic collision, and for bubble walls with finite thickness, we have

f(χ) = flw(χ) ≡
2 π2 l2w v2T

γ2
w

1

χ2

∫ ∞

χ

dΨ
Ψ+ χ

√

Ψ2 − χ2

1
(

Sinh
[

π lw
√
Ψ+χ

2
√
2 γw

])2 (2.24)

Finally, for a totally inelastic collision, we have

f(χ) = fTI(χ) ≡
π2 l2w v2T
2 γ2

w

m4
h

χ2 (χ−m2
h)

2

∫ ∞

χ

dΨ
Ψ− χ

√

Ψ2 − χ2

1
(

Sinh
[

π lw
√
Ψ−χ

2
√
2 γw

])2 (2.25)

9

2 point 1PI Green function.

Imaginary part gives decay probability

Particle production 
efficiency factor

In Figure 3 we compare the efficiency f(χ) for the various cases (2.23), (2.24) and (2.25).
Notice that fTI(χ) diverges as χ → m2

h. This divergence is artificial, due to considering
h(z, t) over infinite time and space, and should be cut-off since our solution is not valid
over distances larger than the bubble radius RB. Implementing this cut-off can be well
approximated by replacing in (2.24)

(

χ−m2
h

)2 →
(

χ−m2
h

)2
+ (m6

h l
2
w)/γ

2
w. (2.26)
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Figure 3: Particle production efficiency f(χ ≡ ω2 − p2z) for γw = 102 (LEFT) and γw = 103

(RIGHT), lw = 15/TEW and TEW = 100 GeV, in the case of a perfectly elastic collision with
infinitely thin bubble walls (2.23) (solid red) and with a finite bubble wall thickness (2.24) (dashed-
black), and in the case of a totally inelastic collision (2.25) (solid blue) with mh = 125 GeV. The
χ-axis is displayed in units of (100 GeV)2.

Defining χmin as the minimum value of χ for which particle production is possible (cor-
responding to the squared sum of the masses Mα of the particles being produced), we im-
mediately see from Figure 3 that for a totally inelastic collision, production of light particles
(χmin < m2

h) may be very efficient, while production of heavy particles (χmin $ m2
h) will

be extremely suppressed. For a perfectly elastic collision, however, the production of heavy
particles may be relatively efficient (we will comment further on this point at the end of
section 3). For the study of the efficiency of particle production in varios different scenar-
ios in the next sections, we will use (2.23) for the case of an elastic collision, while for the
case of a very inelastic one it is possible to show that (2.25) (together with (2.26)) can be
approximated as

fTI(χ) % 4 v2T m4
h

Log

[

2 ( γw
lw
)
2
+χ+2 γw

lw

√

( γw
lw
)
2
+χ

χ

]

χ2
[

(χ−m2
h)

2 +m6
h
l2w
γ2
w

] . (2.27)

Let us now turn to the evaluation of the imaginary part of the 2-point 1PI Green func-
tion’s Fourier transform Γ̃(2) (χ ≡ ω2 − p2z). Through the optical theorem, we can write:

10

Totally 
Inelastic

Perfectly 
Elastic

Cuts off at boosted 
bubble wall 

thickness scale

Each mode can be interpreted as field quanta with 
given energy that can decay

Semi-analytic 
solutions for 

idealized limits 
from 1211.5615 
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REALISTIC CASES

We study numerical solutions of realistic cases away from these ideal limits

Green: true vacuum,        blue: false vacuum
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RESULTS: EFFICIENCY FACTOR
Elastic Inelastic

Solid curves: numerical results

Dashed curves: analytic results in perfectly elastic/inelastic limits

Dot-dashed curves: fit functions to numerical results

( See paper for easy to use fit functions )
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UNDERSTANDING HOW AND WHERE PARTICLE PRODUCTION OCCURS
Naive interpretation: everything happens at the moment of collision+ gradual radiation from 

oscillations after collision
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UNDERSTANDING HOW AND WHERE PARTICLE PRODUCTION OCCURS

Fourier transform Fourier transform

Perfectly elastic case
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UNDERSTANDING HOW AND WHERE PARTICLE PRODUCTION OCCURS

Fourier transform
Everything comes from relative motion of 

bubble walls! Each \chi contribution 
corresponds to a configuration with the bubble 

walls at that corresponding distance!

Perfectly elastic case

[ Note crucial difference with GW production: no GWs produced before collision (spherically symmetric 
sources cannot excite transverse traceless excitations), hence no “power law” in GW spectra! ]
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UNDERSTANDING HOW AND WHERE PARTICLE PRODUCTION OCCURS
Particle production is a “local” process

Consider a particle of mass m. Has a length scale associated with it: its Compton wavelength 1/m

1/m

Walls moving relative each other at distances much farther away cannot lead to particle production. 
Can only be produced when the dynamics occurs within a Compton wavelength distance 

1/m
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NON-UNIVERSALITY OF PARTICLE INTERACTIONS

The efficiency factor gives a mode decomposition of the excitations of the scalar field 
over all spacetime (in both true and false vacua, which exist simultaneously)

Particle interactions and masses are different in different vacua

E.g. consider True vacuum

False vacuum only

What is the correct vacuum to use for the calculation?

Need to be more careful, consider things case by case depending on where the 
excitations that create the particles occur
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NONPERTURBATIVE RESONANT EFFECTS

In standard reheating scenarios, nonperturbative, resonant effects e.g. parametric resonance, 
tachyonic instability are important, and can lead to explosive particle production 

FOPTs are inhomogeneous events; affects the efficacy of such phenomena

Consider tachyonic instability:

EOM for a field 

for

However, at FOPT the background field is not coherent over length scales  

Spatial gradients important, suppress the coherent growth of the field

Particle production is also localized: diffuse out over space over timescales smaller than  
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PART II SUMMARY

• Not studied very carefully in the literature, only semi-analytically in 
idealized limits


• Numerical studies of more realistic scenarios; provided simple fit 
functions for more general use


• More careful treatment of various aspects important: nature and 
location of particle production, non-universality of particle interactions 
and masses across different vacua, suppression of resonant effects due 

to the inhomogeneous nature of the process


PARTICLE PRODUCTION FROM FIRST ORDER PHASE TRANSITIONS
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BACKUP SLIDES
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Consider accumulation of particles in a single expanding bubble

Particles continue to 
enter, become 
massive, and 
accumulate on the 
shell as bubble 
expands into false 
vacuum

Spherically symmetric system, 
no gravitational waves

UNDERSTANDING THE PHYSICS

another bubble 

(no features shown)
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Spherically symmetry broken, system can generate gravitational waves!

Particles continue to 
enter, become 
massive, and 
accumulate on the 
shell as bubble 
expands into false 
vacuum

Does not interact with 
the other shell, simply 

passes through…

HOWEVER, no 
longer accumulates 

particles as the 
entering particles are 

already in the true 
vacuum, massive

This part of the shell 
carries less particles 

(=energy)

Consider accumulation of particles in a single expanding bubble

UNDERSTANDING THE PHYSICS
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UNIVERSALITY OF GW SIGNAL
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“FIT” FORMULA

“model dependent” piece 
(Distribution function: carries information 

on the distribution of particles in the 
broken phase)

4

FIG. 3: Gravitational wave spectrum rescaled as
⌦⇤

GW/[(K̄(GW))2( 1
24m

2
T

2
/⇢tot)

2(H/�)2]. The dotted black
curve shows the broken power law fit s/(1 + s

3). For details
of the simulation, see Appendix D (discussion below Eq.D16).
The color coding of the BM cases is the same as in Fig. 1.

(with vorticity neglected for simplicity) implies that the
fluid velocity field, rather than the energy momentum, su-
perimposes linearly

v
(fluid)
i (t, ~x) =

X

I: bubbles

v
(fluid)(I)
i (t, ~x). (8)

Consequently, the GW source behaves nonlinearly in the
superposition of the fluid shells

T
(fluid)
ij (t, ~x) ⇠ w(t, ~x)vi(t, ~x)vj(t, ~x) + (�ij piece), (9)

where w is the fluid’s enthalpy. Due to this nonlin-
earity, new correlations get imprinted at the scale k ⇠

(shell thickness)�1, allowing for the accumulation of GWs
at the same scale long after the collisions take place, en-
hancing the signal by a factor . �/H [40–45]. The GW
signals from FIPs do not feature such correlations, as the
particle shell thickness continues to expand as the FIPs
propagate; as a consequence, the signal is imprinted over
a larger range of wavenumbers, resulting in a broader sig-
nal, as we will see below.

We simulate the GW signals from FIPs (see Appendix
D for details) for the three BM cases (Eq. 4). The signal
from our simulation (at production) can be parameterized
as

⌦⇤
GW(k)⇠

3

4⇡2

✓
H

�

◆2 ✓ 1
24m

2
T

2

⇢tot

◆2 ⇣
K̄

(GW)
⌘2 s

1 + s3

�
,

(10)

with s = 0.77⇥k/�. Here, note that 1
24m

2
T

2
⇡ �V , hence

the factor
⇣

1
24m

2T 2

⇢tot

⌘2
represents the characteristic scaling

(↵/(1 + ↵))2 of GW signals, which is also observed for
GW signals from sound wave and bubble collision sources
(and is also valid in the presence of a SM bath). The
part in the square parenthesis is obtained from a fit to the
simulation data, and consists of two pieces. The spectral
shape is approximately universal, as shown in Fig. 3: the

FIG. 4: Absolute value of K̄
(GW) as a function of �w for

m/T = (1, 2, 3, 4, 5) (top to bottom). The black dashed curve
is a numerical fit with formula K̄

(GW) ⇠ 12 � 317/(�w + 24).
The black squares represent our BM points.

spectra peak at k ⇠ 0.77�, and scale as ⇠ k
1(k�2) in the

IR (UV). In the far IR, we expect the shape to scale as
⇠ k

3 as correlations are lost beyond a Hubble time; we do
not recover this scaling in our simulations as we ignore the
expansion of the Universe.
The function K̄

(GW) encodes the details of the under-
lying process, i.e. the dependence on the parameters m/T

and vw or �w. It quantifies the fraction of energy in the
FIP distribution that is relevant for GW production. 7 The
bar denotes an average over all propagation directions.
Its derivation is presented in Appendix D (see text below
Eq.D15), but for practical purposes we provide numerical
values for various choices of (m/T, �w) in Fig. 4. K̄

(GW)

approaches universal behavior at large �w (see caption).
The above fit cannot be used for small �w as |K̄(GW)
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m/T ; this originates from the fact that K̄
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correlates with the average radial velocity of the particle
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for which the particle distribution is approximately static
in the plasma frame, making GW production ine�cient.
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[10]). In Fig. 5, we plot the resulting GW signals for a few
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tures ranging from 5TeV to 100PeV against the power-
law integrated sensitivities of various upcoming space- or
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�2-tail, and with a k
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v
(fluid)
i (t, ~x) =

X

I: bubbles

v
(fluid)(I)
i (t, ~x). (8)
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T
(fluid)
ij (t, ~x) ⇠ w(t, ~x)vi(t, ~x)vj(t, ~x) + (�ij piece), (9)

where w is the fluid’s enthalpy. Due to this nonlin-
earity, new correlations get imprinted at the scale k ⇠

(shell thickness)�1, allowing for the accumulation of GWs
at the same scale long after the collisions take place, en-
hancing the signal by a factor . �/H [40–45]. The GW
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◆2 ⇣
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(GW)
⌘2 s

1 + s3

�
,

(10)

with s = 0.77⇥k/�. Here, note that 1
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⇡ �V , hence
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⇣

1
24m

2T 2

⇢tot
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(GW) ⇠ 12 � 317/(�w + 24).
The black squares represent our BM points.

spectra peak at k ⇠ 0.77�, and scale as ⇠ k
1(k�2) in the

IR (UV). In the far IR, we expect the shape to scale as
⇠ k

3 as correlations are lost beyond a Hubble time; we do
not recover this scaling in our simulations as we ignore the
expansion of the Universe.
The function K̄

(GW) encodes the details of the under-
lying process, i.e. the dependence on the parameters m/T

and vw or �w. It quantifies the fraction of energy in the
FIP distribution that is relevant for GW production. 7 The
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To predict the present-day GW signal, Eq. 10 needs to
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[10]). In Fig. 5, we plot the resulting GW signals for a few
scenarios corresponding to phase transitions at tempera-
tures ranging from 5TeV to 100PeV against the power-
law integrated sensitivities of various upcoming space- or
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of the results of our simulations (colored dots) extrapolated
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