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Leptogenesis is an attractive explanation for the observed baryon asym-
metry of our Universe. In these proceedings, we study a framework where
thermal leptogenesis occurs during a period of a first-order phase transi-
tion (FOPT). Right-handed neutrinos (RHNs) remain massless until bub-
ble nucleation. Their abrupt mass generation leads to rapid decoupling
and modifies the usual washout dynamics. Compared to standard thermal
leptogenesis, where successful asymmetry requires masses above a certain
scale, we find that bubble dynamics can dramatically reduce this scale and
also study associated gravitational wave signals observable at terrestrial
interferometers.
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1. Introduction

Within the inflationary paradigm, the present Universe is mostly inde-
pendent of initial conditions. This forces us to consider a dynamical origin
for the observed imbalance between matter and antimatter. Planck data and
models of the early Universe’s evolution lead to a highly accurate prediction
of the ratio [1]

YB ≡ nB − nB̄

s

∣∣∣∣
0

= (8.75± 0.23)× 10−11 , (1)

where nB and nB̄ correspond to the number density of baryons and an-
tibaryons, respectively, s corresponds to the entropy density, and the sub-
script denotes the present time.

An elegant mechanism to generate the baryon asymmetry dynamically
is through the decay of a heavy singlet fermion which carries lepton number,
known as thermal leptogenesis [2]. Here, the baryon asymmetry arises from
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a dynamically generated lepton asymmetry via electroweak sphaleron pro-
cesses, active within T ∈ [102, 1012] GeV. The source of the lepton asymme-
try can be elegantly linked to the CP-violating decays of right-handed neu-
trinos (RHNs) in the type-I seesaw mechanism [3–7]. The out-of-equilibrium
condition, necessary for successful baryogenesis, can be naturally provided
by the expansion of the Universe; as the temperature drops below the mass
of the lightest RHN, the RHN decays remain efficient, whereas the inverse
process becomes Boltzmann-suppressed.

As a consequence of the high-energy scales required, testing the minimal
(hierarchical) model is challenging to say the least. On the other hand, if
B − L is promoted to a good symmetry which is broken spontaneously and
this transition is first-order, in principle, we may be able to indirectly test
for leptogenesis by searching for gravitational wave signals produced during
bubble percolation. However, most of the parameter space (strong-washout
leptogenesis) remains outside the sensitivity range of future gravitational
wave detectors as the peak frequency is expected to be high, fpeak ∼ 105–
106 Hz (T∗/10

11 GeV), where T∗ is the reheating temperature of the phase
transition. Without modifications, one of which we explore in this work, the
prospects for testability are bleak.

We consider bubble dynamics during a first-order phase transition as
a source of a strong departure from thermal equilibrium on the RHN popu-
lation [8]. We show that, in this scenario, the required value of MN is more
than one order of magnitude lower than that of the conventional scenario
when requiring successful leptogenesis, and therefore it is within the testable
range of future gravitational wave detectors.

2. Setup

The setup of the scenario we consider is as follows: we assume that the
Majorana masses of the RHNs are provided by the v.e.v. of a scalar field and
the phase transition corresponding to this spontaneous symmetry breaking
is first-order. The relevant part of the Lagrangian can be written in the
mass basis of the RHNs as

Lint =
1

2

∑
I

yIΦN̄
c
INI +

∑
α, I

YD,αIHL̄αNI + h.c. , (2)

where Lα are the SM lepton doublets, NI are the three families of heavy
right-handed neutrinos, YD,αI are the Dirac Yukawa couplings between NI

and Lα, and yI are Majorana Yukawa couplings. After the phase transition,
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⟨Φ⟩ ≡ vϕ/
√
2, and the type-I seesaw Lagrangian is recovered with MI =

1√
2
yIvϕ. As we assume that the critical temperature of the Φ phase transition

is much greater than that of the electroweak critical temperature, we assume
⟨H⟩ = 0 during and after the FOPT but fix ⟨H⟩ ≠ 0 where appropriate.

With these assumptions, the typical temperature evolution of the con-
ventional thermal leptogenesis scenario can be modified in the following way:
RHNs are massless (ignoring thermal effects) until the phase transition of Φ
after which they suddenly become massive within the bubbles of the broken
phase. As soon as MI ̸= 0, the RHNs decay and generate a nonzero lep-
ton asymmetry very rapidly, owing to the strong-washout regime typically
predicted in the type-I seesaw. If the bubble nucleation temperature Tnuc is
significantly smaller than the masses of the RHNs, the inverse decays within
the bubbles will be immediately Boltzmann-suppressed and, in principle,
κwash ∼ O(1). This is summarised in the left plot of figure 1.
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Fig. 1. Schematic picture of the bubble-assisted leptogenesis scenario during bubble
expansion (left) and after bubble collisions (right). Figure taken from [8].

The scenario introduces new dynamics which can severely affect this sim-
ple qualitative picture and must be properly estimated. During the bubble
expansion, the latent heat stored in the scalar potential ∆V , which is the
difference in the scalar potential energy density between the true and the
false vacuum, is converted to a combination of bubble wall kinetic energy
and fluid bulk motion. After the bubble walls and fluid shells collide, this
latent heat reheats the background plasma, increasing the temperature to
Treh ∼ (∆V + ρplasma(Tnuc))

1/4.
The reheating affects our scenario in two ways: (i) as the asymmetry

is generated during the bubble expansions, it will be diluted by a factor of
(Tnuc/Treh)

3 due to reheating, (ii) in order to avoid a strong washout, we
also require MN/Treh ≫ 1 along with MN/Tnuc ≫ 1, otherwise the RHN
inverse decays become rapid after the bubbles collide. This is represented
by the right plot of figure 1.
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2.1. Cosmological First Order Phase Transitions Basics

For a given tree-level Lagrangian of Φ, the effective potential acquires
quantum corrections at zero temperature. The one-loop contribution from
a particle i can be written as [9]

VCW

(
m2

i (ϕ)
)
= (−1)2sigi

m4
i (ϕ)

64π2

[
log

(
m2

i (ϕ)

µ2

)
− ci

]
, (3)

where ϕ is the real part of Φ, ϕ ≡
√
2Re(Φ), mi(ϕ) and si are the ϕ-depen-

dent mass and spin of a particle i with gi degrees of freedom. Here, µ is
the renormalization scale, and ci is a constant depending on the subtraction
scheme; for the MS scheme, ci = 3/2 for si ∈ {0, 1/2} and ci = 5/6 for
si = 1.

At a finite temperature T , thermal effects can be captured by including
the thermal potential of the form

VT

(
m2

i (ϕ)
)
= ± gi

2π2
T 4JB,F

(
m2

i (ϕ)

T 2

)
(4)

with

JB,F

(
y2
)
=

∞∫
0

dx x2 log
[
1∓ exp

(
−
√
x2 + y2

)]
, (5)

where the upper (lower) sign is for the bosonic (fermionic) case. In our nu-
merical calculations we use the full form for JB,F. For illustrative purposes,
we show the expansions of JB(y2) [10]:

JB
(
y2 ≪ 1

)
≈ −π2

45
+

π2

12
y2 − π

6
y3 + · · · ,

JB
(
y2 ≫ 1

)
≈ −

20∑
n=1

1

n2
y2K2(y · n) , (6)

where K2(z) is the Bessel function of the second-kind. Note that bosonic
interactions are required to make the phase transition first order due to the
y3 term in JB(y

2 ≪ 1).
Once the temperature-dependent scalar potential is calculated, we obtain

the bounce solution and the bounce action using Mathematica based on the
well-known overshoot/undershoot method. Additionally, we crosscheck our
results against CosmoTransition [11] and FindBounce [12].
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The bubble nucleation rate can be estimated as the probability to have
a critical bubble per unit time and unit volume, where the origin of this
configuration can be either due to quantum or thermal fluctuations. We
approximate it as

Γ (T ) ∼ max

[
T 4

(
S3

2πT

)3/2

exp(−S3/T ), R−4
0

(
S4

2π

)2

exp(−S4)

]
, (7)

where S3 and S4 are O(3) (thermal) and O(4) (quantum) bounce actions,
respectively, and R0 is the initial bubble radius. Since the bubble-assisted
leptogenesis framework requires the FOPT not to be too strongly super-
cooled, the O(3) bounce solution always dominates so we ignore contribu-
tions from S4.

At the critical temperature T = Tcrit, the two local minima are degen-
erate, and Γ (Tcrit) = 0. Thus, in any first-order phase transition, there is
a period where Γ (T ) is much slower than the Hubble expansion rate. During
this period, although bubbles can be nucleated, the expansion of spacetime
is more efficient and the phase transition does not proceed. The Universe is
supercooled until Γ (T ) becomes comparable to the Hubble rate, H(T )4.

When Γ (T ) ∼ H(T )4, the average distance of two nearby bubble nu-
cleations becomes less than the horizon size and the bubble expansion can
physically reduce the volume of the false vacuum. We define this temper-
ature as Tnuc, Γ (Tnuc) ≡ H(Tnuc)

4, which can be approximately calculated
by solving

S3(Tnuc)

Tnuc
≈ 4 log

[
Tnuc

H(Tnuc)

]
, (8)

where H(Tnuc) should include the contribution of the vacuum energy that
comes from the scalar potential.

The strength of an FOPT is parameterized by

αn ≡ ∆V

ρ(Tnuc)
, (9)

where ρ(T ) = π2

30 g∗T
4 is the plasma energy density which has g∗ effective

relativistic degree of freedom at T . Since ∆V will eventually be converted
to plasma energy after bubble collisions, we can obtain the reheating tem-
perature by

ρ(Treh) ≃ ρ(Tnuc) + ∆V , (10)
where we assumed that the time scale of the reheating procedure is much
shorter than the Hubble time scale. Since ρ ∝ T 4, the dilution factor after
bubble collisions is simply given by(

Tnuc

Treh

)3

≃ (1 + αn)
−3/4 . (11)
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3. Leptogenesis inside bubbles

How efficiently the massless RHNs outside of the expanding bubbles can
penetrate the bubble wall is an important ingredient, as their penetration
causes a large departure from the equilibrium number density of (the now
massive) RHNs within the bubbles. An order-one penetration rate, κpen, is
desired for bubble-assisted leptogenesis.

The penetration rate is closely related to the bubble wall velocity. The
fraction of heavy particles entering the wall will grow with the boost factor
of the wall, γw, and reach an order of one fraction when MN ≲ γwTnuc. The
pressure also increases with the boost factor, requiring a stronger release of
energy ∆V , and thus favoring a larger αn. The details of the penetration rate
calculations are found in [8] and figure 2 demonstrates that for sufficiently
fast bubble walls, this penetration rate can be almost maximal.
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1

Fig. 2. Penetration rate of RHNs as a function of the bubble wall speed. Figure
taken from [8].

Utilising κpen, we solve the Boltzmann equations to evolve the initial,
non-thermal number densities of N which penetrate the bubble, and cal-
culate the generated lepton asymmetry. In what follows, we will assume
that the heavy neutrinos N are in kinetic equilibrium with the SM thermal
bath also inside the bubble, thanks to the efficient rate for ϕN → ϕN via N
mediation. This will permit us to use integrated Boltzmann equations. The
Boltzmann equation in this procedure can be written as

ṅNI
+ 3HnNI

= −
∑
A,B

(
2⟨σv⟩NINI→AB n2

NI
− 2⟨σv⟩AB→NINI

nAnB

)
−ΓD(NI)nNI

, (12)

ṅB−L + 3HnB−L = −
∑
I

ϵIΓD(NI)nNI
+ (wash-out) . (13)
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Here, nX denotes the number density of the species X, H is the Hubble
expansion rate, and ṅ represents a derivative with respect to cosmic time.
The quantity ⟨σv⟩ denotes the thermally averaged cross section times relative
velocity. Furthermore, ΓD(NI) is the total decay rate of NI and ϵI is the
corresponding CP-violating parameter.

There are various reactions relevant to the above Boltzmann equations.
At a minimum, the reaction rate of processes involving ϕ must be sizable
since we need y ∼ O(1) to ensure that MN/Tnuc ∼ y vϕ/

√
2Tnuc is large

enough to achieve wash-out suppression. Additionally, one must make sure
to take into account unavoidable depletion processes such as NN → ϕϕ
NINI ↔ NJNJ which serve as processes which reduce the number density
of RHNs available to decay in a asymmetry generating way. These are
especially important as the masses of the RHNs are taken to be smaller [8].

The end of the phase transition occurs once the bubbles have collided,
which results in a temperature increase from Tnuc → Treh. We quantify the
effect of bubble collisions by solving the above Boltzmann equations a second
time, with new initial conditions for YN and YB−L

YN (zreh) = ỸN

(
Tnuc

Treh

)3

, YB−L (zreh) = ỸB−L

(
Tnuc

Treh

)3

, zreh =
MN

Treh
,

(14)
for z ∈ [zreh, zf ]. We choose zf ≫ 1 such that the final asymmetry no longer
changes for larger z, where ỸN and ỸB−L were obtained from the previous
step. Then, the final baryon abundance is taken as

YB = κsph YB−L (zf) , (15)

where κsph = 28/79 is the usual weak sphaleron conversion factor.

3.1. Results

Figure 3 shows a summary of our results. Here, the grey bands show the
amount of enhancement we obtain compared to the conventional thermal lep-
togenesis, and the horizontal axis shows the strength of the supercooling, αn.
We obtain an O(20) enhancement compared to conventional scenarios for
MN = 5× 109 GeV.

Combining the enhancement/suppression of RHN decay during and after
the expansion of the bubble wall, the final baryon asymmetry in the bubble-
assisted leptogenesis mechanism can be expressed in a familiar way as

YB = Y eq
N ϵCP κsph κpen κdep κwash

(
Tnuc

Treh

)3

, (16)



2-A18.8 T.P. Dutka

Fig. 3. Presentation of the enhancement in baryon asymmetry generated as a func-
tion of the phase transition strength ∝ αn. The enhancement of YB in the bubble-
assisted leptogenesis scenario compared to the conventional thermal leptogenesis
scenario is depicted by the grey band.

where Y eq
N is population of RHNs outside the bubbles. For our numerical

calculation, we solve the full Boltzmann equations from which each fac-
tor can be inferred. Each suppression channel, which we label κi, is also
shown on the lower part of the plot. The parameters, κpen, κwash, κdep, and
(Tnuc/Treh)

3 are shown by the dark red, bright red, yellow, and blue dashed
curves, respectively. The penetration coefficient, κpen, remains close to unity
in our chosen parameter space but begins to decrease for αn ≲ 1 (reducing
the overall asymmetry). Smaller values of αn imply a large washout, κwash
and κdep, as the ratio MN/Treh decreases. Much larger values of αn however,
suffer from a large diluting effect: (Tnuc/Treh)

3 = (1+αn)
−3/4, also reducing

the final asymmetry. The enhancement is maximized around αn ∼ 5, since
YB is proportional to the combination of all these factors.

3.2. Gravitational waves

We also investigate the possibility of testing this scenario via gravi-
tational wave detectors, as the collisions of the bubbles required by this
scenario necessarily generate gravitational waves. As we find that bubble-
assisted leptogenesis is viable for low values of MN (and therefore low values
of the symmetry-breaking scale), the peak frequency of gravitational waves
produced can be within the observable range of terrestrial observers such as
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ET [13], CE [14], and LIGO O5 [15] as demonstrated in figure 4. Larger
values of MN , which are still viable in the bubble-assisted leptogenesis sce-
nario, would require detectors that can probe higher frequency ranges with
existing proposals, e.g. Refs. [16–18], albeit with improved sensitivities.

Fig. 4. GW signal from leptogenesis for various benchmark points summarized in [8].

4. Conclusion

We have analyzed how a first-order phase transition can enhance ther-
mal leptogenesis when right-handed neutrinos acquire their masses during
the transition. Although the resulting departure from equilibrium suppresses
the usual wash-out effects, additional dilution mechanisms, such as reheating
and CP-conserving 2 → 2 depletions limit the overall gain, and a systematic
method to account for all such contributions is provided in [8]. The en-
hancement is largest for MN ∼ 109–1010GeV, where an O(10–102) increase
in the baryon asymmetry relative to the standard scenario is possible. The
associated first-order transition also generates gravitational waves with peak
frequencies O(102–104)Hz, and models with MN ≲ 5× 109GeV fall within
the projected reach of upcoming detectors such as ET, CE, and LIGO O5,
making this parameter region experimentally testable.
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