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Scalar field / bubble wall 

(Interacting) 
Sound waves/ turbulence 

in plasma 

(Non-interacting) 
Feebly interacting particles  

FIRST ORDER PHASE TRANSITIONS
One of the most promising+widely studied 
cosmological source of gravitational waves 

In the runaway case, bubble collisions also act as high energy 
colliders that reach energy scales possibly far higher than any 

temperature or energy ever reached in our cosmic history

R.JINNO, B. SHAKYA, J. VAN DE VIS, 2211.06405
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production from such accelerating bubble walls can be estimated by making use of the equivalence
principle: a nonuniformly accelerating bubble wall is equivalent to a wall at rest in a changing
gravitational field, and the familiar calculation of gravitational particle production yields a number
density of produced particles ⇠ y2�R

�3
⇤ [53]. This will also be subdominant to the contribution

from bubble collisions discussed in the next subsection.

For thick-wall bubbles, the scalar field might not be at its true minimum anywhere in the bubble
when the bubble nucleates, and instead evolves towards the true minimum and performs oscillations
around it as the bubble expands. This can also be responsible for some particle production (for
related discussions, see [63,75]). Since we are focusing on DM particles that are more massive than
the background scalar field, such oscillations cannot produce any DM particles.

3.3 Bubble Collision

Particle production from the collision of bubble walls and the subsequent evolution of the back-
ground field is a complicated phenomenon due to the highly inhomogeneous nature of the process.
The collision of bubbles was first considered in [76], and particle production from such collisions
was first studied in detail in [50]. Based on the formalism in [50], analytic results were derived
in simplified ideal limits in [38], and recently refined with numerical studies of more realistic se-
tups in [52] and analytic treatment in [53]. Here we provide a brief outline of the formalism; the
interested reader is referred to [38,50,52,53] for greater details.

The probability of particle production from the dynamics of the field � is given by the imaginary
part of its e↵ective action,

P = 2 Im (�[� ] ), (8)

where �[� ], the e↵ective action, is the generating functional of one-particle irreducible (1PI) Green
functions

�[� ] =
1X

n=2

1

n!

Z
d4x1...d

4xn�
(n)(x1, ..., xn)�(x1)...�(xn). (9)

The leading (n = 2) term su�ces for our purposes (we will briefly discuss higher order terms in the
next section)

Im (�[�]) =
1

2

Z
d4x1d

4x2�(x1)�(x2)

Z
d4p

(2⇡)4
eip(x1�x2)Im(�̃(2)(p2)) , (10)

where �̃(2) is the Fourier transform of �(2).

The Fourier transform of the background field is �̃(p) =
R
d4x�(x)eipx. We assume that the bub-

ble walls are planar and collisions occur in the z�direction, so that �̃(p) = (2⇡)2�(px)�(py)�̃(pz,!).
Using these and the above expressions, the number of particles produced per unit area of colliding
bubble walls can be written as [38, 50]

N

A
= 2

Z
dpz d!

(2⇡)2
|�̃(pz,!)|

2 Im[�̃(2)(!2
� p2z)] . (11)

This formula invites the following interpretation. The classical background field configuration
can be decomposed via a Fourier transform into its momentum modes. Modes of definite four-
momentum p2 = !2

� p2z > 0 are to be interpreted as (o↵-shell) propagating field quanta of the
background field with mass m2 = p2 — we will henceforth denote these as �⇤

p — and the probability
for each such mode to decay is given by the imaginary part of its Green function.
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Probability of particle production: 
imaginary part of the effective action of the background field

Use the effective action formalism: Watkins+Widrow Nucl.Phys.B 374 (1992)
Konstandin+Servant 1104.4793 [hep-ph]
Falkowski+No 1211.5615 [hep-ph]

UNDERSTANDING THE PHYSICS OF BUBBLE COLLISIONS

production from such accelerating bubble walls can be estimated by making use of the equivalence
principle: a nonuniformly accelerating bubble wall is equivalent to a wall at rest in a changing
gravitational field, and the familiar calculation of gravitational particle production yields a number
density of produced particles ⇠ y2�R

�3
⇤ [53]. This will also be subdominant to the contribution

from bubble collisions discussed in the next subsection.

For thick-wall bubbles, the scalar field might not be at its true minimum anywhere in the bubble
when the bubble nucleates, and instead evolves towards the true minimum and performs oscillations
around it as the bubble expands. This can also be responsible for some particle production (for
related discussions, see [63,75]). Since we are focusing on DM particles that are more massive than
the background scalar field, such oscillations cannot produce any DM particles.

3.3 Bubble Collision

Particle production from the collision of bubble walls and the subsequent evolution of the back-
ground field is a complicated phenomenon due to the highly inhomogeneous nature of the process.
The collision of bubbles was first considered in [76], and particle production from such collisions
was first studied in detail in [50]. Based on the formalism in [50], analytic results were derived
in simplified ideal limits in [38], and recently refined with numerical studies of more realistic se-
tups in [52] and analytic treatment in [53]. Here we provide a brief outline of the formalism; the
interested reader is referred to [38,50,52,53] for greater details.

The probability of particle production from the dynamics of the field � is given by the imaginary
part of its e↵ective action,

P = 2 Im (�[� ] ), (8)

where �[� ], the e↵ective action, is the generating functional of one-particle irreducible (1PI) Green
functions

�[� ] =
1X

n=2

1

n!

Z
d4x1...d

4xn�
(n)(x1, ..., xn)�(x1)...�(xn). (9)

The leading (n = 2) term su�ces for our purposes (we will briefly discuss higher order terms in the
next section)

Im (�[�]) =
1

2

Z
d4x1d

4x2�(x1)�(x2)

Z
d4p

(2⇡)4
eip(x1�x2)Im(�̃(2)(p2)) , (10)

where �̃(2) is the Fourier transform of �(2).

The Fourier transform of the background field is �̃(p) =
R
d4x�(x)eipx. We assume that the bub-

ble walls are planar and collisions occur in the z�direction, so that �̃(p) = (2⇡)2�(px)�(py)�̃(pz,!).
Using these and the above expressions, the number of particles produced per unit area of colliding
bubble walls can be written as [38, 50]

N

A
= 2

Z
dpz d!

(2⇡)2
|�̃(pz,!)|

2 Im[�̃(2)(!2
� p2z)] . (11)

This formula invites the following interpretation. The classical background field configuration
can be decomposed via a Fourier transform into its momentum modes. Modes of definite four-
momentum p2 = !2

� p2z > 0 are to be interpreted as (o↵-shell) propagating field quanta of the
background field with mass m2 = p2 — we will henceforth denote these as �⇤

p — and the probability
for each such mode to decay is given by the imaginary part of its Green function.
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……..

Take leading (n=2) term, take Fourier transform

Decompose background field excitation 
into Fourier modes

2 point 1PI Green function.

Imaginary part gives decay 
probabilityEach mode can be interpreted as off-shell field 

quanta with given four-momentum that can decay

Efficiency at high p falls as ~1/p4 power law,  independent of the details of the collision

H. MANSOUR, B. SHAKYA, 2308.13070

B. SHAKYA, 2308.16224
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NONTHERMAL DARK MATTER PRODUCTION
G. GIUDICE, H.M.LEE, A.POMAROL, B.SHAKYA, 2403.03252

Contours: 

Size of coupling needed to 
produce the correct dark 
matter relic density

Vertical dashed lines:

Scale corresponding to peak 
sensitivity of various GW 
experiments

This plot: scalar dark matter
ground field:

• Scalar DM �s, with mass m�s and interaction �s
4
�2�2

s.

Note that this is a renormalizable operator that can be valid to arbitrarily high scales. Since
the above interaction term produces a mass contribution

p
�s/2 v� once � obtains a nonzero

vev, we will focus on the regime m2
�s

> 1

2
�sv2�, and treat m�s and �s as independent quantities

for simplicity.

• Fermion DM �f , with mass m�f and e↵ective interaction yf��f �̄f .

Here the ��f �̄f interaction implies that the �f �̄f combination is charged under the symmetry
that is broken by the � vev. Here �f could be a chiral fermion, obtaining its mass from the �
vev after the symmetry is broken, analogous to the fermions interacting with the Higgs field in
the SM; however, in this casem�f = yfv� . v�. Alternately, the e↵ective yf��f �̄f interaction

could have been derived from a higher dimensional operator of the form
y0f
⇤f

|�|2�f �̄f , where

⇤f is some ultraviolet (UV)-cuto↵ scale. In this case, �f does not have to carry any charge
associated with �, and its mass can be significantly larger than the symmetry breaking scale
of interest, m�f � v�, and the e↵ective coupling is yf = 2y0f v�/⇤f . A specific realization of
this (see [38]) involves � mixing with some singlet scalar S that couples to the fermion �f .
Here we remain agnostic about such underlying details and simply work with the e↵ective
interaction term yf��f �̄f . As with the scalar case, we will focus on masses larger than that
obtained from the symmetry breaking, m�f > yf v�, and consider m�f and yf as independent
parameters.

• Vector DM �v, with mass m�v and an interaction of the form 1

2
�V |�|2�

µ
v�v µ.

Again, this interaction does not necessitate that the gauge boson �v corresponds to the gauge
symmetry broken by �, as it could arise from integrating out intermediate particles (e.g. a
singlet mediator field, see [38] for more detailed discussions). For a vector boson, additional
subtleties arise from the interplay between its transverse and longitudinal modes; these aspects
will be discussed in Sec. 6.4. As in the previous two cases, we will treat the mass and coupling
as independent quantities.

In all scenarios, we will restrict ourselves to cases where DM is heavier than the scalar and the
gauge/Goldstone boson, i.e. m� > mf ,mt,mZ0 ,mG, so that DM cannot be produced from decays
of other particles in the dark sector, otherwise it can be produced from the oscillations of the scalar
field long after the bubble collisions, e↵ectively reaching a thermal abundance, in which case it
either re-establishes thermal equilibrium with the bath or tends to be overproduced and overclose
the Universe.

Note that the coupling of the scalar field � to particles far heavier than its mass can produce
radiative contributions that can lift its mass to the heavy scale, hence the hierarchy m�, v� ⌧ m�

could involve significant fine-tuning. Such concerns are best addressed in complete particle physics
models, and we ignore such considerations in our simplified framework treatment in this paper.

Finally, additional dark sector particles beyond the ones discussed above might exist, but their
existence is irrelevant as long as they do not couple more strongly to DM than the scalar � and do
not produce significant e↵ects on bubble wall dynamics; we will assume this to be the case for the
purposes of this paper.
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LEPTOGENESIS

Contours: 

amount of      
baryon asymmetry

The simplest extension: couple N to FOPT field, mirroring the same interaction

on the RHN mass, i.e. MN . 1013 GeV, since at higher temperatures �L = 2 washout
scatterings are in equilibrium, hence RHN decays cannot produce the desired asymmetry.

In this paper we propose a testable non-thermal realization of leptogenesis from the
dynamics of a first order phase transition (FOPT). FOTPs have been extensively studied
in the literature ( []): they are generally predicted in many extensions of the Standard
Model and their bubble dynamics can be a promising source of both gravitational wave
(GWs) and particle production. In particular, we focus on the production mechanism of
RHNs via bubble collisions, which can produce extremely heavy particles much heavier
than the scale of the phase transition or the temperature of the plasma when the bubble
walls achieve runaway behavior. This provides a natural setting for achieving the out-of-
equilibrium Sakharov condition necessary for generating a baryon asymmetry. The idea of
producing heavy particles in a FOPT whose decays can generate the BAU was first explored
in [?], which considered particle production via bubble collisions, realizing a low-temperature
baryogenesis and mainly using results from [?]. The idea was revisited more recently in [?,
?,?], which investigated baryogenesis/leptogenesis scenarios considering particle production
via bubble expansion due to the sudden mass gain of particles when they cross into bubbles
of true vacuum. [Discuss other related papers e.g. [?]...there are many others that consider
baryogenesis from particles suddenly getting massive and going out of equilibrium].

Our framework di↵ers from the work in [?,?,?] in two main aspects: since we do not
require the RHNs to gain mass from the FOPT, this allows us to consider more generic dark
FOPTs (unrelated to gauging B�L), and RHNs several orders of magnitude heavier than the
scale of the phase transition, opening up new parameter space. Moreover, the natural scale
(with O(1) couplings) for neutrino mass generation with type-I seesaw is MN ⇡ 1014 GeV.
While no other existing mechanism in the literature can successfully realize leptogenesis at
this mass scale, our framework can achieve this naturally, as we will see below.

2 Framework

In this section we illustrate our framework, consisting of a generic FOPT driven by a dark
scalar � and a simple neutrino portal setup (later we discuss a scalar portal scenario in
Sect.2.4). Some useful FOPT phenomenological parameters are introduced and features
of a runaway phase transition are presented. Eventually, we illustrate the mechanism of
production of heavy particles from bubble collisions.

2.1 Neutrino Portal Setup

In this setup, the RHNs N act as the portal between the dark sector undergoing the FOPT
and the SM sector. In addition to the scalar �, consider a dark sector fermion � such that
�� is a gauge singlet under the symmetry broken by the � vev. This enables us to write the
following Lagrangian for the RHNs (for more details of such models, see [?,?,?,?,?,?])

L � yD ��N + y⌫ LH N +MNNN (2)

The first term gives the coupling of N to the dark sector, whereas the second term gives its
coupling to the SM sector (L and H are the SM lepton and Higgs doublets respectively). We
consider the mass of the RHN, MN , to be much higher than the scale of the phase transition
v� and the temperature of the bath.
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encoded in the 2-point 1PI Green function �(2). Using the Optical Theorem, the imaginary
part of the 2-point 1PI Green function is given by the sum [?,?]

Im[�̃(2)(p2)] =
1

2

X

k

Z
d⇧k|M̄(�⇤

p
! k)|2 (16)

Here the sum runs over all possible final states k that can be produced from the background
field excitations �⇤

p
, |M̄(�⇤

p
! k)|2 is the spin-averaged squared amplitude for the decay of

�
⇤
p
into the given final state k, and d⇧k denotes the relativistically invariant n-body phase

space element.
For fermions, the relevant expression is

Im[�̃(2)(p2)]�⇤
p!�f �̄f

=
y
2

f

8⇡
p
2(1� 4m2

�f
/p

2)3/2 ⇥(p2 � 4m2

�f
) . (17)

Note that this process is proportional to p
2.

The scalar � particles themselves can be produced through the background field excita-
tions, via the quartic term ��

4!
�
4 in the scalar potential; this gives rise to �

⇤
p
! �� (with a

single vev insertion) and �
⇤
p
! 3� decay processes. These lead to

Im[�̃(2)(p2)]�⇤
p!�� =

�
2

�
v
2

�

8⇡
(1� 4m2

�
/p

2)⇥(p� 2m�) (18)

and

Im[�̃(2)(p2)]�⇤
p!3� =

�
2

�
p
2

3072 ⇡3
(1� 9m2

�
/p

2)⇥(p� 3m�) (19)

Note that the 3-body process is suppressed relative to the 2-body process by a loop factor
due to an additional particle in the final state, but is proportional to p

2 rather than v
2

�
, hence

can become more important at higher p2 as it can be realized even in the v� ! 0 limit where
the symmetry is unbroken.

For scalar DM, which couples as �s
4
�
2
�
2

s
, the formulae for two- and three-body decays

�
⇤
p
! �s�s and �

⇤
p
! ��s�s are analogous to Eqs. 18, 19, with �� ! �s and appropriate

modifications of the final state masses in the phase space factors and step functions.

3 Leptogenesis

In this section we proceed describing the evolution of the non-thermal leptogenesis sourced
via particle production from bubble collisions. We estimate the baryon asymmetry generated
via this novel mechanism in the neutrino portal setup specified in Sect.2, and later identifying
the viable parameter space, commenting on the testability of our scenario via GW detection.

3.1 RHN Abundance

In our setup, the background field excitations decay as �
⇤
! �N . The number density of

RHNs from such decays is approximately (using a lot of approximations, to be explained
later)

nN ⇡ 1.7 y2
D

�

H

✓
30(1 + ↵)cV

⇡2↵

◆1/2
v
4

�

MP l

ln

✓
2EN

mN

◆
, (20)

9

Field excitation decays to RHNs

Inverse “decays” absent/
inefficient: no washout!
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NEXT STEPS

• Production of heavy particles in specific BSM setups, with 
interesting phenomenological consequences

• Efficient production of (heavy) particles from bubble collisions 
provide a new source of gravitation waves, possibly with 
distinct features

Work in progress w/ Kentaro Kasai,  Marc Kamionkowski, Keisuke Inamoto

• Improvements to the formalism for calculating particle 
production from bubble collisions


