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Leptogenesis, Two Birds with One Stone

• Type-I seesaw introduce right-handed neutrinos (mass M)
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Leptogenesis
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All three Sakharov conditions are satisfied
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Leptogenesis

1. The Right Handed Neutrinos, decay (CP violating) asymmetrically

2. Part of the generated asymmetry will be converted to a baryon 
asymmetry (about order one, detailed calculation gives 28/79)

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction

L � �

X

i,j

1

2

✓
�
ij

R
⌫̄
i,c

R
⌫
j

R

�
p
2
+ h.c.

◆
, (2.1)

where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction
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where `
i

L
= (⌫i

L
, e

i

L
)T is the lepton doublet, and H̃ = i⌧

2
H

⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
i

R
! `

j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.
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Generate the Baryon asymmetry through the lepton asymmetry
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M. Fukugita, T. Yanagida, 1986
Luty 1992



Difficulties in Leptogenesis
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2
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can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number
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2
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the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate
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p inside the new vacuum.
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How to fix this? – This talk
Only 1% of the generated asymmetry will survive
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3. Inverse decays and scattering wash out the generated asymmetry



Difficulties in Leptogenesis

• Naively, the strong washout effect is unavoidable

〈ϕ〉 = �
�� = �

〈ϕ〉 ≠ �
�� ≫ ��

ν�

�� (��)

� (�*)

��

��

ν�
��

�

��

�*

ν�

��

� ��

�*
����������

γ� =
�

� - ���
≫

��
��

Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.

– 2 –

〈ϕ〉 = �
�� = �

〈ϕ〉 ≠ �
�� ≫ ��

ν�

�� (��)

� (�*)

��

��

ν�
��

�

��

�*

ν�

��

� ��

�*
����������

γ� =
�

� - ���
≫

��
��

Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.

– 2 –

Competition T~M

• The RHN decouples from the thermal bath at T~M 
• Only if the cosmic temperature changes discontinuously, the RHN decays, 

generates the lepton asymmetry. Then the temperature falls T<<M, the 
washout effects are Boltzmann suppressed

6

See for example, Flanz et al, 1996, 
Pilaftsis, 1997, Dev et al, 2017 ….



Avoiding the Washout Effects With a Mass 
Jump
• The cosmic temperature can not change discontinuously, but the mass of 

the RHNs can -- first-order PT!
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• The RHNs are massless 
in the old vacuum
• During the PT,  the RHN 

gains mass M1

• If M1 >> Tp , the washout 
effects are Boltzmann 
suppressed

PH, K. P. Xie 2022

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup
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Wait – M1 >> Tp , How Can That Happen?

• If the phase transition is 
very strong, the bubble wall 
can be relativistic
• Although in the plasma 

frame, RHNs are in 
thermal equilibrium, they 
have very high energy in 
the wall frame
• They can penetrate into 

the true vacuum, and 
decay immediately〈ϕ〉 = �
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the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU
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proposed in Ref. [16], where the general features are discussed, and a benchmark model on
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this idea to leptogenesis. This scenario is distinct from the mechanisms involving the
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One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)
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� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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M1 >> Tp , how?

PH, K. P. Xie 2022
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Leptogenesis with a first-order PT

1. M1 >> Tp , easy
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the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction

L � �

X

i,j

1

2

✓
�
ij

R
⌫̄
i,c

R
⌫
j

R

�
p
2
+ h.c.

◆
, (2.1)

where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction

L � �

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.

⌘
, (2.2)

where `
i

L
= (⌫i

L
, e

i

L
)T is the lepton doublet, and H̃ = i⌧

2
H

⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
i

R
! `

j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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After penetration

Competing processes

summing over all possible annihilation final states. The subscript “ga” of h�vi is to remind

us that this is an average performed in the gas frame. �ann scales as T 3
p /M

2
1 .

Another possible fate of the penetrated ⌫
1
R
’s is to scatter with the particles in the

plasma. The Dirac Yukawa interaction can mediate scattering channels such as ⌫
1
R
`L !

qLt̄R or ⌫
1
R
tR ! qL

¯̀
L and their charge conjugations and crossings. The corresponding

interaction rates are

�sca =
X

a,X

�1n
pl
a

D
�
⌫
1
Ra!X

E

ga
, (2.12)

summing over all possible initial states a and final states X. In the gas frame, the plasma

species a is boosted by a Lorentz factor of �1, therefore the number density is enhanced by

�1 compared with n
pl
a ⇠ T

3
p in the plasma frame, and we have taken the relative velocity

between ⌫
1
R
and a to be approximately 1. The scattering cross section h�

⌫
1
Ra!X

iga scales

as 1/M2
1 , thus �sca ⇠ T

2
p /M1.

For the sake of leptogenesis, we want the ⌫
1
R
’s to decay rather than annihilate with

each other or scatter with the particles in the plasma, i.e.

�D > �ann, �D > �sca. (2.13)

Under this condition, the ⌫
1
R
’s swept by the bubble wall decay immediately and generate

a BAU of

Y
p

B
= �cs✏1

n
pl
s

s
= �cs✏1

135⇣3
4⇡4g⇤

, (2.14)

where s = (2⇡2
/45)g⇤T 3 is the entropy density with g⇤ ⇡ 100 the number of relativistic

degrees of freedom, and cs = 28/79 is the conversion factor from the lepton asymmetry to

the BAU. As the upper limit of CP asymmetry ✏1 is constrained by Eq. (2.5), we see that

the maximal value of BAU is proportional to M1.

2.3 The boosted decay products of RHNs

In the plasma frame, the ⌫
1
R
’s in new vacuum are moving along the �z direction with

a typical energy E1 = �1M1 = M
2
1 /Tp. The decay products `LH/¯̀LH⇤ share the same

order of energy and hence are also boosted. These out-of-equilibrium SM particles interact

with other SM particles in the plasma, causing cascade scatterings, which might reduce

the BAU. Following Ref. [16], we model the energy of the particles that in the n-th step

cascade scattering as E1/2n. The washout e↵ect is mainly from the possibility that the

energetic particles fuse to an on-shell RHN, i.e. `LH ! ⌫
1
R
! ¯̀

LH
⇤, and the corresponding

rate can be estimated as [16]

�on ⇡
�`LH�¯̀

LH
⇤

�D

M1Tp

E
2
1

exp

⇢
�

M
2
1

4E1Tp

�
⇡

22nT 3
p

4M3
1

�De
�2n/4

, (2.15)

where we have approximated �`LH ⇡ �¯̀
LH

⇤ ⇡ �D/2. We can see that the washout rate

decreases very quickly as n increases, so we only need to account for the first step of

scattering, i.e. n = 1.

Being charged under the SM gauge groups, the boosted `L/
¯̀
L and H/H

⇤ particles

also thermalize via the elastic EW scattering with the SM particles in the plasma. The
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order of energy and hence are also boosted. These out-of-equilibrium SM particles interact
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energetic particles fuse to an on-shell RHN, i.e. `LH ! ⌫
1
R
! ¯̀

LH
⇤, and the corresponding

rate can be estimated as [16]

�on ⇡
�`LH�¯̀

LH
⇤

�D

M1Tp

E
2
1

exp

⇢
�

M
2
1

4E1Tp

�
⇡

22nT 3
p

4M3
1

�De
�2n/4

, (2.15)

where we have approximated �`LH ⇡ �¯̀
LH

⇤ ⇡ �D/2. We can see that the washout rate
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The latent heat released from the PT will reheat the universe to 

Strong reheating?

thermalization rate can be estimated by calculating the energy loss of a boosted lepton

in an elastic scattering with another SM particle in the thermal bath. The two incoming

particles have momenta

p
µ

1 =

✓
E1

2n
, 0, 0,

E1

2n

◆
, p

µ

2 = (Tp, 0, 0,�Tp) , (2.16)

respectively, and they scatter through exchanging a t-channel W/Z boson. It is straight-

forward to show that the energy loss of the boosted lepton is �E1 ⇡ �t̂/(4Tp) in the plasma

frame, and the scattering cross section is

d�

dt̂
=

1

16⇡ŝ2
|iM|

2
⇡

1

16⇡ŝ2
g
4
2 ŝ

2

t̂2
=

⇡↵
2
W

t̂2
, (2.17)

where g2 is the gauge coupling of the SU(2)L group, and ŝ, t̂ are the Mandelstam variables.

Therefore, the thermalization rate can be estimated as [16]

�th =
n
pl
EW

E1/2n

Z �m
2
W

�ŝ

dt̂
d�

dt̂
�E1 =

⇣3gEW2n↵2
W
T
3
p

4⇡M2
1

ln
3M2

1

5⇡2n↵WT 2
p

, (2.18)

where n
pl
EW is the number density of the particles that participate in such EW elastic

scattering, and the corresponding number of degrees of freedom is gEW = 46 including the

SM fermions and gauge bosons as well as the Higgs doublet. The upper limit of integration

of t̂ is set to �m
2
W

to avoid infrared divergence, where m
2
W

= 20⇡↵WT
2
p /3 is the thermal

mass of the W boson [41]. We see that �th increases rapidly with n.

To avoid washout from the boosted decay products, we require

�th

��
n=1

> �on

��
n=1

, �th

��
n=1

> Hp, (2.19)

where Hp is the Hubble constant at the FOPT temperature. Note that Hp is not solely

determined by temperature, as the vacuum energy from the potential could dominate the

energy of the Universe in the case of a supercooling FOPT. Once these inequalities are

satisfied, the boosted decay products `LH/¯̀LH⇤ thermalize very quickly, and the washout

e↵ect is completely negligible.

2.4 Reheating after the FOPT completes

The latent heat released from a FOPT will reheat the Universe to a new temperature

Trh = (1 + ↵)1/4Tp, where ↵ is the ratio of latent heat to the radiation energy density

of the Universe, whose detailed definition will be given in Section 3.3. Since our scenario

needs a strong FOPT to provide fast moving bubble walls, typically ↵ � 1, the reheating

temperature could be very high, such that the B � L violating interactions are active

again, erasing the generated B�L asymmetry as the situation in the conventional thermal

leptogenesis.

The first type of dangerous processes is the thermally produced RHNs. For the inverse

decay, i.e. `LH/¯̀LH⇤
! ⌫

i

R
, the simplified Boltzmann equation gives

dY
⌫
i
R

dt
=

1

s

Z
d
3
p

(2⇡)32Ei

e
�Ei/TMi�D,i =

�D,iM
2
i
T

4⇡2s
K1

✓
Mi

T

◆
, (2.20)
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For the PT to provide ultra-relativistic bubble walls, typically 𝛼>>1
With a high reheating temperature, 

will become active

where Y
⌫
i
R
= n

⌫
i
R
/s is the yield of the i-th generation of RHN, Ei ⌘

q
|p|2 +M

2
i
is the

on-shell energy, �D,i is the decay width of ⌫i
R
, and K1 is the modified Bessel function of

the first kind. By this, the inverse decay rate can be estimated as

�i

ID =
�D,iM

2
i
Trh

4⇡2srh
K1

✓
Mi

Trh

◆
, (2.21)

where srh = s|Trh . We should have �i

ID < Hrh such that the RHNs are not thermally

produced after the FOPT, where the Hubble constant Hrh = 2⇡
p
⇡g⇤/45T 2

rh/MPl with

MPl = 1.22⇥ 1019 GeV, as the Universe is in a radiation era after the FOPT. The rate of

RHNs being produced in pair in the plasma can be estimated as

�i

pr =
X

X

n
eq
⌫
i
R

D
�
⌫
i
R⌫

i
R!X

E
=

X

X

2
M

2
i
Trh

2⇡2
K2

✓
Mi

Trh

◆D
�
⌫
i
R⌫

i
R!X

E
, (2.22)

where n
eq
⌫
i
R
is the equilibrium distribution of ⌫i

R
in the plasma whose concrete expression is

given in the second equality with K2 being the modified Bessel function of the second kind.

Depending on the model, the pair production channels could include ⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ ,

⌫
i

R
⌫
i

R
! Z

0
Z

0, ⌫i
R
⌫
i

R
! Z

0
�, ⌫i

R
⌫
i

R
! ��, etc.

We require

�i

ID < Hrh, �i

pr < Hrh, (2.23)

to avoid thermal bath washout after the FOPT reheating. Both �i

ID and �i
pr are suppressed

by the Bessel functions, which are Kj(z) ⇠ e
�z

p
⇡/(2z) for z � 1. Therefore, Mi/Trh � 1

could exponentially suppress those washout e↵ects. In other words, we need Trh = (1 +

↵)1/4Tp still small compared with the RHN masses; this is, however, in tension with the
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135⇣3
4⇡4g⇤

✓
Tp

Trh

◆3

, (2.24)

which is diluted by a factor of (Tp/Trh)3 compared to Eq. (2.14), due to the entropy

production of the FOPT reheating. For a successful FOPT leptogenesis, YB should reach

the observed BAU, i.e. Y obs
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fast expanding bubbles, which sweep the RHN into the new vacuum. Therefore, the

abundant massless ⌫1
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density in the old vacuum can be directly transferred into the new
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R
’s are so massive that their out-of-equilibrium decay can generate

the BAU without the washout e↵ects. However, the reheating e↵ects from the strong

FOPT might cause additional washout and dilution e↵ects, and hence the application of

this mechanism requires a highly non-trivial tradeo↵ between strong FOPT and reheating.

A concrete model that succeeds to realize the FOPT leptogenesis scenario is given in the

next section.
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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Difficulties in the Minimal Model

• The minimal gauged U(1)B-L model

• The scalar potential

• In the  minimal gauged U(1)B-L

Wash-out unavoidable!!

>0, for stability



Extend the Minimal Model

• Wash-out unavoidable

• Add a new scalar

3 An extended classically conformal B � L model

3.1 The model and particle spectrum

The conventional (or say, minimal) B�L model [43–46] is defined by gauging the U(1)B�L

group and introducing three generation of RHNs (with B � L quantum number X = �1)

for gauge anomaly cancellation, and one complex scalar field � = (� + i⌘)/
p
2 charged

as X = 2 to break the U(1)B�L spontaneously. In this work, we extend the model with

one more complex scalar S which has the same quantum number with �. The relevant

Lagrangian can be written as

LB�L =
X

i

⌫̄
i

Ri /D⌫
i

R �
1

2

X

i,j

⇣
�
ij

R
⌫̄
i,c

R
�⌫j

R
+ h.c.

⌘
�

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.

⌘

+Dµ�
†
D

µ�+DµS
†
D

µ
S � V (�, S)�

1

4
Z

0
µ⌫Z

0µ⌫
,

(3.1)

where Dµ = @µ � igB�LXZ
0
µ is the U(1)B�L gauge covariant derivative. For simplicity, we

take �
ij

R
= diag{�R,1,�R,2,�R,3}. Note that the SM fermions are also charged under the

U(1)B�L group, with the quarks having X = 1/3 and the leptons having X = �1. The

reason why we have to extend the minimal B � L model will be given in Section 3.3. In

principle, S can also couple to RHNs via ⌫̄
i,c

R
S⌫

j

R
; however, as we will see, S never gets a

VEV, thus it does not contribute to the RHN mass. On the other hand, S can provide

extra CP violating phase to N1 decay [47, 48]. We do not consider such CP asymmetry

enhancement e↵ects here, as they are irrelevant to the core of our FOPT leptogenesis

mechanism.

As for the scalar potential V (�, S), we adopt the classically conformal assumption [49–

51] as it is known that this kind of potential favors a strong supercooling FOPT [52–58].

At three level, the potential is

Vtree(�, S) = ��|�|
4 + �s|S|

4 + ��s|�|
2
|S|

2
, (3.2)

where only dimensionless quartic couplings are involved. The one-loop contributions from

Z
0 and ⌫

i

R
[49–51] and S [59–62] induce a Colman-Weinberg potential for �, which in the

unitary gauge can be written as

V (�) = V0 +
B

4
�
4

✓
ln

�

v�
�

1

4

◆
, (3.3)

where

B =
6

⇡2

 
�
2
�s

96
+ g

4
B�L �

X

i

�
4
R,i

96

!
, (3.4)

is a positive constant. This potential has the a minimum at h�i = v� 6= 0, which breaks

the U(1)B�L symmetry spontaneously and provides masses for the particles in Eq. (3.1)

as follows

MZ0 = 2gB�Lv�, Mi = �R,i

v�
p
2
, M� =

p

Bv�, MS =
1
p
2

p
��sv�. (3.5)

The vacuum energy is adopted as V0 = Bv
4
�
/16 to have V (v�) = 0.
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Trh no longer correlated with MZ’ , wash-out avoidable



Parameter Space

Figure 2. The allowed parameter space of the FOPT leptogenesis scenario is shown in white region,
for M1 = 2.5⇥1011 GeV, �R,1 = 0.3 and �R,2 = �R,3 = 4�R,1. The blue and orange shaded regions
are excluded by thermal washout and dilution e↵ects after the FOPT reheating, respectively. The
M1/Tp and ↵ contours are shown in the left and right panels, respectively. The green star is the
benchmark adopted for GW calculation, see Fig. 3 for details.

V
1/4
0 ⇠ B

1/4
v� ⇠ gB�Lv� ⇠ MZ0 . To have M1/Trh � 1 after reheating, we must have

M1/MZ0 � 1, which is in contrast with the vacuum stability and FOPT conditions. We

confirm this qualitative argument by a detailed numerical scan. Therefore, we extend the

model with one extra scalar S, as we did in Eq. (3.1). In this new model, the contribution

to B can be dominated by the scalar portal coupling ��s, and the reheating temperature

is no longer directly related to MZ0 .

For our extended B�Lmodel, we start fromM1 = 109 GeV and gradually increase it to

seek for viable parameter space for the FOPT leptogenesis. The most stringent constraints

for the scenario come from the washout e↵ects after reheating, especially ⌫
i

R
⌫
i

R
! Z

0
� and

⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ . Even in case that the reheating washout e↵ects are suppressed, the

BAU is usually diluted by the large ↵ to be lower than the experimentally observed value.

Therefore, we have to increase M1 to M1 & 1011 GeV to generate a large BAU. An example

is shown in Fig. 2 with

M1 = 2.5⇥ 1011 GeV, �R,1 = 0.3, �R,2 = �R,3 = 4�R,1, (3.21)

fixed, and scanning over ��s and gB�L. The parameter space with successful FOPT

leptogenesis, i.e. can provide YB > Y
obs
B

for the ✏1 within the Davidson-Ibarra bound, is

plotted as the white region covered by the M1/Tp (left panel) and ↵ (right panel) contours.

We see ↵ � 1 for most of the parameter space, implying a strong FOPT with vacuum

energy dominance. The blue shaded region cannot realize FOPT leptogenesis because the

thermal washout processes are active after reheating, where the gB�L & 0.1 region is ruled

out by the ⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ annihilation, while the ��s & 3.9 region is excluded by

the ⌫
i

R
⌫
i

R
! Z

0
� annihilation. If ��s is too small, the FOPT strength is so strong that

the entropy production during reheating dilutes the BAU to an unacceptable low value,

– 13 –Conventional Leptogenesis needs CPV 30 times stronger
PH, K. P. Xie 2022



Gravitational Wave signal
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Conclusion

• Suppress the 
washout effects via a 
strong first-order PT
• Expand the 

parameter space for 
Leptogenesis
• Can be probed by 
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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