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We propose a novel leptogenesis mechanism with a temperature-dependent coupling between the right-
handed neutrino and Standard Model particles. This coupling experiences suppression at high temperatures
and becomes sizable when the lepton asymmetry washout processes are Boltzmann-suppressed. Such a
feature ensures that the washout rates remain consistently below the Hubble expansion rate, preserving all
lepton asymmetry generated in the decay of right-handed neutrinos. We illustrate the feasibility of this
mechanism with two example models and show that the observed baryon asymmetry of the Universe can be
successfully obtained for right-handed neutrino masses larger than 109 GeV as well as for smaller violation
of charge-parity symmetry.
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I. INTRODUCTION

Leptogenesis is a class of scenarios that provides solutions
to the baryon asymmetry of the Universe (BAU) [1–5].
In these models, right-handed neutrinos (RHN), denoted as
N, are introduced. The RHNs couple to the neutrinos in
the Standard Model (SM) through a Yukawa interaction
λDlLH̃N, which explains the origin of mass for SM
neutrinos [6–8] through the type-I seesaw mechanism [9].
A complex λD matrix coupling of the Yukawa interaction
gives rise to the asymmetric, charge-parity (CP)-violating
decay of the RHN, resulting in a lepton asymmetry.
Subsequently, this lepton asymmetry is converted to baryon
asymmetry through the electroweak sphaleron process.
In the framework of conventional thermal leptogenesis, a

major obstacle arises from the strong washout effects that
remove the lepton asymmetry. The final BAU is a com-
petition between the asymmetric decay of the RHNs and
the washout processes. At temperatures much higher than
the thermal leptogenesis scale, the rates of decay and
washout processes are smaller than the expansion rate of
the Universe. As the temperature decreases, the decay rate
of the RHN increases while the washout rates decrease

slower than the cosmic expansion rate and eventually
surpass it. Then at even lower temperatures, the washout
rates are Boltzmann suppressed and drop rapidly below the
expansion rate again [5,10]. Typically, the washout effects
are strong, and onlyOð10−2Þ of the asymmetry generated in
RHN decay could survive [5,10]. Assuming a mass hier-
archy between three generations of RHNs, theCP-violating
phase has an upper bound that is proportional to the mass of
the lightest RHN, denoted as M1, known as the Davidson-
Ibarra bound [11]. It suggests that, for generating the
observed BAU, the lightest RHN mass is M1 ≳ 109 GeV.
Then in the strong washout regime, the typical lightest RHN
mass is M1 ≳ 1011 GeV.
In this Letter, we propose a mechanism to solve the

washout problem by incorporating a dynamical coupling in
leptogenesis. In particular, we focus on the strong washout
regime of the leptogenesis parameter space. The introduc-
tion of temperature-dependent elements is used in different
manners to produce dark matter [12–18] and BAU [19–27].
Here, our mechanism exploits the fact that washout
processes depend on scattering particle energies in the
thermal bath, while the RHN decay process is not affected
in the same way. We suppress the coupling λD at high
temperatures to delay the onset of both processes, and
restore it to the thermal value when washout processes are
kinematically suppressed. Consequently, RHNs decay
asymmetrically into the lepton asymmetry while washout
rates remain below the Hubble expansion rate, enabling a
new leptogenesis scenario. The remainder of this study is
arranged as follows: We begin by describing the impact of a
temperature-dependent λD on reaction rates of leptogenesis.
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We then investigate the enhancement of BAU that can be
reached with dynamical couplings. Next, we discuss
potential realizations of the mechanism, present our results
regarding the RHN mass and CP-violation, and conclude
with a final discussion.

II. TEMPERATURE-DEPENDENT
COUPLINGS

To illustrate the impact of a temperature-dependent λD on
leptogenesis, we introduce two example scenarios, each
outlining the variations in λD as a function of temperature.
We assume a mass hierarchy between three generations of
RHNs, M2;3 ≫ M1, and only consider λD coupling to the
lightest RHN particle in this work. Starting with a coupling
λD;s that goes through a sudden increase in a step function
form as

λD;sðzÞ ¼
�
bsλD; z < zs
λD; z ≥ zs

ð1Þ

Here T is the temperature of the Universe, and z≡M1=T.
The constant bs represents the suppression factor at high
temperatures before zs. At lower temperatures, λD;s aligns
with the zero-temperature value λD for the correct neu-
trino mass.
The second scenario involves a power law dependence in

the coupling λD;p as

λD;pðzÞ ¼
8<
:

λD
�

z
zp

�
ap ; z < zp

λD; z ≥ zp
ð2Þ

where ap represents the power law index governing the
z-dependence at high temperature. Similar to Eq. (1), λD;p

reverts to λD at lower temperatures. We note that the
proposed mechanism is also viable with other temperature
dependence.
The coupling λD determines reaction rates in lepto-

genesis. Here we discuss briefly the most relevant processes
of RHN decay, scattering, and washout. The decay process
N → Hl; H̄ l is determined by the intrinsic decay width of
the lightest RHN. While the decay violates lepton number
by one unit ΔL ¼ 1 for generating the lepton asymmetry,
the inverse decay process will also contribute to the
washout of the existing asymmetry. Another ΔL ¼ 1

process is the Higgs-mediated scattering NlðlÞ → t̄qðtq̄Þ
and Ntðt̄Þ → lqðlq̄Þ. The scattering process changes both
the number of RHN and the asymmetry. In the end, there are
ΔL ¼ 2 processes mediated by the RHN, ll → H̄ H̄,
ll → HH, and lH → l H̄, which contribute to the wash-
out effect.

The Boltzmann equations of the number of lightest RHN
N1 and the B − L asymmetry NB−L are as follows,1

dN1

dz
¼ −ðDþ SÞðN1 − Neq

1 Þ;
dNB−L

dz
¼ −ϵDðN1 − Neq

1 Þ −WNB−L: ð3Þ

The quantities are defined in a comoving volume contain-
ing one photon. Neq

1 is the equilibrium value of the RHN
number. ϵ is the CP asymmetry in the RHN decay. The
rates of decay, scattering, and washout processes are
defined as

D≡ΓD

Hz
; S≡ ΓS

Hz
; W≡ΓW

Hz
: ð4Þ

Here ΓD is the RHN decay rate for the generation of
asymmetry as well as driving the RHN number to its
equilibrium value. ΓS includes rates of ΔL ¼ 1 scattering
processes, which also contributes to the equilibrium of
RHN number. The washout rate ΓW contains the inverse
decay of RHN, and the scattering with ΔL ¼ 1 and
ΔL ¼ 2. See the Appendix for detailed reaction rates in
the conventional leptogenesis scenario. To implement the
temperature-dependence in the numerical simulations, we
replace λD with dynamical couplings introduced in Eqs. (1)
and (2), and use them to calculate Eq. (4). The novel
dynamics will not only rescale reaction rates with their
proportionality in λD, but also set back the time when
interactions come into equilibrium, thus leading to an
additional kinematical suppression in the washout effect.
In Fig. 1, we illustrate the normalized reaction rates of

the RHN decay, the washout of lepton asymmetry, and the
RHN scattering with SM particles in the thermal bath
within different leptogenesis scenarios. Rates of thermal
leptogenesis are shown in dashed green curves, while rates
with dynamical couplings are in solid color curves.
Additionally, we depict the normalized Hubble rate in
black to show active epochs of processes whose rates are

1In this study, the contribution from CP-violating ΔL ¼ 1
scattering processes in generating NB−L is not included, since we
aim to resolve the washout issue in the strong washout regime and
therefore assume the RHNs are initially in equilibrium. In the
most general leptogenesis scenario, a lepton asymmetry can be
generated during the production of RHN abundance via Higgs-
mediated scattering processes; see, for example, [28]. It is
noteworthy that the CP-violating scattering can play a role in
the weak washout regime and when flavor effects are considered.
However, as previously mentioned, their impact is reduced in the
strong washout regime due to rapid washout processes. Addi-
tionally, in our mechanism, scattering processes that produce
RHNs with the normal seesaw Dirac Yukawa coupling are slow at
z≲ 1, and are Boltzmann suppressed when T ≪ M1. This
indicates that in the dynamical coupling mechanism, the primary
source of lepton asymmetry remains the RHN decay process at
low temperatures.
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above the Hubble rate. The benchmark parameters are
chosen as follows: The RHN mass M1 ¼ 109 GeV. The
effective lightest neutrino mass m̃ is defined as λ2Dv

2
h=M1,

where vh ¼ 174 GeV is the Higgs vacuum expectation
value (vev). We take m̃ ¼ 0.05 eV to be much larger than
the equilibrium neutrino mass m⋆ ≃ 1.1 × 10−3 eV, such
that the dynamical coupling mechanism is validated in the
strong washout regime m̃ ≫ m⋆ [29]. m̄ is defined as
m̄2 ¼ trðm†

νmνÞ, and we take m̄ ¼ 0.05 eV. We also
assume that RHNs are initially in thermal equilibrium.
This equilibrium state can be attained by coupling RHNs to
particles that are thermalized with the SM from the
beginning.

The incorporation of temperature-dependent couplings
can significantlymodify the leptogenesis paradigm. Figure 1
show effects of dynamical couplings in Eqs. (1) (left)
and (2) (right) respectively. The step-function coupling is
suppressed by a factor of 0.08 for z < 15. Similarly, the
power-law coupling has a T−2 suppression for z < 18. As
the couplings are practically turned off at high temperatures,
all three reaction rates consistently remain lower than the
Hubble expansion rate when z≲ 1, in contrast to the
thermal leptogenesis casewhere processes become efficient
after z ≃ 0.2. As the temperature decreases further, the RHN
decay rate increases to exceed the Hubble rate when the
coupling reverts to λD, such that the lepton asymmetry is
generated. However, even with this late-time increase of
couplings, washout rates are substantially Boltzmann sup-
pressed as the temperature has dropped well below M1 at
this stage. The core feature of ourmechanism is this absence
of active washout process, which is inherent for conven-
tional thermal leptogenesis, and its impact on the generation
of BAU is discussed in the following.
The generated BAU results from the competition

between the RHN decay and the washout processes that
act in opposition to it. We solve the standard Boltzmann
equations in Eq. (3) for the time evolution of RHN
number N1 and the B − L number NB−L, and show the
results in Fig. 2. The CP-violation ϵ ¼ 10−7 is assumed to
saturate the Davison-Ibarra bound. Since the washout rate
in thermal leptogenesis is much larger than the Hubble
rate between z ≃ 0.2 and z ≃ 10, the final NB−L (green
solid) is about two orders of magnitude lower than the
value for generating the observed BAU [30], as indicated
by the black dotted line. Once dynamical coupling
suppressions are introduced to reduce washout effects,
the resultant NB−L from the step-function dependence
(blue solid) and the power-law dependence (red solid) are
about two orders of magnitude greater than that in the

FIG. 1. Reaction rates of decay, washout, and scattering processes normalized to the Hubble rate at z ¼ 1. The benchmark neutrino
parameters are chosen M1 ¼ 109 GeV, m̃ ¼ 0.05 eV, and m̄ ¼ 0.05 eV. Reaction rates in thermal leptogenesis are shown in dashed
green curves. The Hubble rate is shown in the black curve. Left panel: temperature dependence of λD;s follows the step function form,
with zs ¼ 15, bs ≃ 0.08. Right panel: temperature dependence of λD;p follows the power law form, with zp ≃ 18, ap ¼ 2.

FIG. 2. Evolution of RHN number N1 (dashed) and B − L
number NB−L (solid) in the comoving volume. The benchmark
parameters are the same as in Fig. 1. The blue and red curves
represent the step function case and the power law case, while the
thermal leptogenesis case is shown in green curves for compari-
son. The NB−L needed to explain the observed BAU is shown in
the black dotted line.
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thermal leptogenesis benchmark point, eventually align-
ing with the observed value.
In Fig. 3, we present enhancement in NB−L, defined

as rB−L ≡ NB−L=Nthermal
B−L , achieved with temperature-

dependent couplings for the same benchmark parameters,
assuming RHNs are initially in equilibrium. For the
enhancement in rB−L, we also show the corresponding
efficiency factor of the final asymmetry κ introduced
in [31]. The efficiency factor κ ≃ 1 in the weak washout
regime, and is suppressed in parameter space where
washout becomes relevant. The green dashed line repre-
sents the enhancement needed for the observed BAU. In the
left panel, we show the step function scenario. Greater
suppression in the coupling due to smaller bs values leads
to a more substantial reduction of washout effects, which in
turn results in a larger enhancement over thermal lepto-
genesis. The maximum enhancement reaches about 200
and the maximum efficiency factor is close to 1, corre-
sponding to the case of highly suppressed washout. As
the suppression persists to higher zs values, signifying
a delayed end to the dynamical effect, the subsequent
Boltzmann suppression in washout effectively retains more
lepton asymmetry at lower temperatures. The right panel
displays a similar trend in the power law scenario. Higher
power law indices ap are associated with larger suppression
of washout rates, and greater zp values extend the duration
of the suppression phase. Both factors contribute to a more
pronounced enhancements of BAU.

III. POSSIBLE REALIZATIONS AND PROBES

We explore possible realizations of temperature-
dependent couplings. The novel dynamics proposed can

be achieved by introducing a new scalar field S that
interacts as

L ⊃ −
�X

i;j

λi;jD;0l̄
i
LH̃Nj þ

X
i;j

λ̃i;jD
S
Λs

l̄iLH̃Nj

�
þ H:c: ð5Þ

Here we also keep the normal Dirac Yukawa term. If the
scalar field S acquires a vacuum expectation value (vev) vs,
its contribution to the second term in Eq. (5) becomes
ðλ̃i;jD vs=ΛsÞl̄iLH̃Nj and enables an effective Dirac Yukawa
coupling in the form λD;0 þ λ̃Dvs=Λs, which evolves with
vs. Such effective couplings are dynamical during the
expansion of the Universe since the value of vs depends
on the temperature. To study the impact of dynamical
couplings, we replace the coupling λD of conventional
thermal leptogenesis with effective couplings obtained with
Eq. (5) to account for the S contributions in the decay and
scattering of RHNs. Note that the value of the dynamical
coupling is λD;0 before S obtaining a considerable vev, and
in our mechanism λD;0 is smaller than that in the conven-
tional leptogenesis scenario in order to suppress washout
processes. Observe that, at z≳ 1, the dynamical coupling
only restores to the conventional leptogenesis value, thus it
does not necessarily lead to higher interaction rates
compared to thermal leptogenesis. The crucial role of
the temperature dependence is to suppress the washout
rate and enable the efficiency factor κ to reach order unity.
The new scalar S can introduce additional interactions for

the RHN.However, these interactions aremodel-dependent,
and we outline possible cases below. Considering the singe
flavor regime as an example, the ðλ̃D=ΛsÞSl̄LH̃N interaction
can keep RHNs in equilibrium with the SM sector via
scattering with S, leptons, and the Higgs in the thermal bath.

FIG. 3. Enhancement ratio rB−L and the efficiency factor κ obtained with different temperature-dependence parameters, fzs; bsg in the
step function scenario (left panel) and fzp; apg in the power law scenario (right panel). The RHN parameters are kept to match
benchmark models in previous figures. The blue and red lines show model parameters that lead to constant enhancement values labeled
in text for the step function scenario and power law scenario respectively. The rB−L that generates the observed BAU is shown with green
dashed lines in both panels.
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At a given time z, the equilibrium condition forN is obtained
by requiring the reaction rate to be larger than the Hubble
rate, which translates to λ̃D ≳ 0.15ðz=0.1Þ12ð109 GeV=M1Þ12
ðΛs=1013 GeVÞ for the choice of λ̃D parameter.Although the
reaction rate from ðλ̃D=ΛsÞSl̄LH̃N becomes Boltzmann-
suppressed once the temperature falls below the mass of S,
keep inmind that thismerely leads to separated evolutions of
the RHN sector and the SM sector. Before N decays, its
comoving number is only significantly altered in the
presence of a model-dependent, large entropy injection into
the SM sector. Otherwise, the equilibrium condition can be
reliably used for the initial N abundance when solving
the Boltzmann equations in Eq. (3) after S decouples.
Another effect of S is that it can mediate RHN scattering
with SM particles via loop-level processes. We found
that the S-loop mediated processes are decoupled as long
as λ̃D ≲ 2.8 × 102z

3
4ð109 GeV=M1Þ34ðΛs=1013 GeVÞ. This

suggests that S influences leptogenesis primarily through
its vev in the dynamical coupling and its scattering, which
keeps the RHN in equilibrium. However, its effect on the
RHN abundance is minor for z≳ 1, except for potential
enhancements in specifically designed model realizations.
More importantly, the deviation of the initial N1 from
thermal equilibrium does not affect the κ ≃ 1 achieved by
suppressing the washout rate. Therefore, we do not intro-
duce new interactions to the Boltzmann equations other than
assuming that N is initially in equilibrium, but focus on the
suppression of the washout rate in our numerical analysis.
A scalar field with temperature-dependent vev can be

realized in many models. In the previous discussion, we
discussed two scenarios of the effective Dirac Yukawa
coupling being a step function and a power law function.
The step function case can be easily realized in a first-order
phase transition. When the temperature is above the phase
transition (PT) temperature Tp, which corresponds toM1=zs
in Eq. (1), the vev of S is zero. The Dirac Yukawa λD;0 is the
temperature-independent contribution corresponding to
bsλD. RHNs remain in equilibrium at high temperatures
due to their thermal contact with S. After the PT, the scalar
field S acquires a vev vs, and the effective Yukawa coupling
becomes λD;0 þ λ̃Dvs=Λs, whose value equals to λD. Our
benchmarks show that the Boltzmann suppression on
washout rates begins to take effect when zs ≳ 10, which
corresponds to PT temperatures Tp ≲ 0.1M1, as observable
in the left panel of Fig. 3 where contours of constant rB−L
tend to flatten in regions of large zs.
A strong first-order PT is easily realized for a dark sector

particle. For example, the most general renormalizaible
effective potential of the singlet takes the form of

VðS; TÞ ¼ AðT2 − T2
0ÞS2 − ðBT þ CÞS3 þDS4; ð6Þ

in which A; T0; B; C and D are free parameters. The
temperature dependent piece can be generated from its

coupling to other particles. The mixing between the singlet
S and the SM Higgs can be allowed. However, due to the
large mass hierarchy between the singlet and Higgs mass in
this scenario, the singlet field has little impact on lepto-
genesis other than providing a dynamical coupling.
Model building for the power law scenario is inspiringly

more diverse. One simple example is to couple the RHN to
a new field S whose potential is similar to the relaxion
potential [32]. At high temperatures, the field value of S
increases as it rolls down in time, until the process is
stopped by a potential barrier. The temperature where the
vev of S freezes corresponds to M1=zp in Eq. (2). The
detailed temperature dependence in λD;p scanned by S is
determined by the rolling dynamics along the scalar
potential. In the end, the value of λD;p at zp, which
determines both the BAU and the SM neutrino mass, is
dynamically selected to match the thermal coupling at low
temperatures. Without going into details of constructing the
scalar potential model, our benchmark analysis in the right
panel of Fig. 3 reveals that an overall power index of ap ≳
1.8 is needed for zp ≤ 20.
Here we use a first order PT model as an illustrative

example to demonstrate the probe of the mechanism. In
particular, we selected zs ¼ 15 for M1 ¼ 109 GeV, which
implies a PT occuring at temperature Tp ≃ 6.7 × 107 GeV.
A first order PT is expected to generate a stochastic
background of gravitational waves (GWs). The GW
spectrum is determined by two key parameters of the
PT model. The first parameter, α represents the ratio
between the latent heat released during the PT and the
radiation energy density at the temperature at which the PT
occurs. The second one, commonly referred to as β, sets
the inverse timescale associated with the PT duration. Both
parameters are determined upon specification of the
potential of S. In Fig. 4, we chose α ¼ 0.5, β=H ¼ 10,
in which H is the Hubble parameter at the time of the PT,
and plot corresponding GW spectrum. We also show
the expected sensitivity curves for the space-based laser
Interferometers DECIGO [33], and BBO [34], and the
ground-based interferometers aLIGO [35], ET [36,37], and
CE [38] in the left panel of Fig. 4. For this benchmark, the
peak frequency is about 100 Hz, and corresponding signal
can be probe by aLIGO, ET, and CE. Notably, β=H ¼ 10
suggests a relatively slow PT, resulting in less sharp
changes in the temperature-dependent coupling compared
to a step function. However, the washout effects remain
Boltzmann suppressed as long as Tp is much lower than
M1. The decay and scattering rates can be determined with
the time scale of a slow PT included in the simulation, and
the effect on the final B − L yield can be compensated by a
more suppressed bs. Subsequently, we explore another
benchmark with α ¼ 1, and β=H ¼ 1000. In this case, a
larger β=H shifts the peak GW frequency to higher values.
We plot the strain for this benchmark point in the right
panel of Fig. 4, where the shaded region represents the
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anticipated sensitivity of enhanced magnetic conversion
for high-frequency GW searches using the inverse
Gertsenshtein effect [39,40]. Future high-frequency GW
searches will also probe PTs with higher Tp values that
realize dynamical couplings for larger M1 masses. These
two benchmarks illustrate that the PT model proposed in
this scenario for generating the correct BAU can be
detected in future experiments.

IV. RESULTS

The temperature dependence in the λD coupling signifi-
cantly reduces the dilution of NB−L due to washout,
opening up new parameter space for realizing leptogenesis.
Notably, this allows for a lighter minimum RHN mass
compared to the previous limitations set by the Davidson-
Ibarra bound within the strong washout regime, while still
being able to generate an adequate BAU. Furthermore, the
lepton asymmetry arising from RHN decay is directly
proportional to the CP-violation parameter ϵ, and is there-
fore contingent upon specific model configurations to
realize large ϵ values. When the washout effect is reduced,
the necessary value of ϵ correspondingly decreases in
proportion to enable more model space.
In Fig. 5, we present the derived CP-violation criteria

required for successful leptogenesis within an extensive
lightest RHN mass range. Without loss of generality, we
maintain the benchmark from Fig. 1 for consistency, except
for permitting the effective neutrino mass to range from
8 meV ≤ m̃ ≤ 50 meV to showcase results with varying
washout strength in the strong washout limit. The range of
m̃ is motivated by neutrino oscillation measurements with
solar neutrinos and atmospheric neutrinos [30]. The step
function scenario is shown in the blue-hatched band, and
the power law scenario is in the red-hatched band, while the

comparative thermal case is represented in green. Our
dynamical mechanism significantly relaxes the previous
demands on CP-violation in the strong washout regime,
with a reduction in ϵ by about two orders of magnitude for
the largest chosen m̃ value (upper edge of the green-hatched
band) within the range M1 ≲ 1014 GeV. This leads to a
minimum mass for the lightest RHN of approximately
109 GeV, which is Oð100Þ times lower than the thermal
case for the given range of m̃. At heavier masses, the RHN-
mediated off-shell washout process becomes increasingly
effective in removing the generated asymmetry, causing all
color bands to extend into larger ϵ regions. Observe that the
difference from the thermal case remains clearly discernible
despite the shift, underscoring the impacts of temperature-
dependent couplings.
Hatched areas in Fig. 5 visually represents the general

outcome of dynamically suppressed couplings with their
shapes.Theparameter spaces of two temperature-dependence
models largely overlap, because the final NB−L is primarily
determined by the RHN number N1, as long as λD is
sufficiently suppressed at high temperatures. This is equiv-
alent to achieving an efficiency factor κ that saturates at
unity. Thus, comparable levels ofCP-violation are required
to generate the BAU. It also explains the narrow widths of
the blue and red bands, as the increase in ϵ demonstrates
only a mild dependence on m̃, contrary to thermal lepto-
genesis, where ϵ increases by almost an order of magnitude
for the indicated rise in m̃. Therefore, the proposed
mechanism is viable for various suppression models
beyond current examples.
We comment on flavor effects in thermal leptogenesis.

Our analysis is performed in the unflavored approximation
where coherence among lepton flavors are preserved for
RHN decay final states. In a more generalized parameter
space, charged-lepton flavor effects become relevant when

FIG. 4. GW signal from a first order PT model realization of the mechanism. We choose a PT temperature Tp ¼ 6.7 × 107 GeV
corresponds to zs ¼ 15 for the RHN mass M1 ¼ 109 GeV. The PT bubble wall velocity is vw ¼ 0.6. Left panel: the black curve shows
the GW spectrum corresponding to α ¼ 0.5, and β=H ¼ 10. Color curves show that future GWobservations can probe the PT model via
GWs. Right panel: the black curve shows the characteristic strain for α ¼ 1, and β=H ¼ 1000. The high-frequency GW signal is
expected to be probed with the inverse Gertsenshtein effect, whose anticipated sensitivity is indicated with the green dashed line.
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BAU is generated at low temperatures. This is because
interactions between charged leptons and Higgs enter
equilibrium as the Universe expands and could break the
coherence in the flavor space before washout takes place,
thus leading to BAU generation in a flavored leptogenesis
scenario [28,41–45]. The lepton flavor effect is recently
reviewed in [46]. Here we briefly summarize the impact on
the case of hierarchical RHN masses assumed in this study.
There are three relevant flavor effect regimes determined by
the typical leptogenesis scale M1. In the high scale limit
M1 ≳ 5 × 1011 GeV, the flavor effect is negligible since
lepton interactions are out of equilibrium. The two-flavor
regime occurs for 5 × 108 GeV≲M1 ≲ 5 × 1011 GeV
where asymmetries in the τ flavor and eþ μ flavor can
be tracked separately. This two-flavor regime may deviate
significantly from the unflavored approximation, poten-
tially lowering the minimum mass of the lightest RHN,
though some parameter tuning might be required. Previous
studies found that the bound onM1 can be relaxed to about
108 GeV given a mild tuning in the seesaw model and
lowered M2 values [47]. A more substantial effect arises
when the CP asymmetry needed for generating BAU stems
completely from the neutrino mixing matrix. This predicts
that the leptogenesis CP-violating parameters are con-
nected to the Dirac or Majorana phases in the lepton
sector, potentially observable at low energies neutrino
oscillation experiments [48–52]. For example, the con-
nection of the lightest neutrino mass,m1 in the normal mass
ordering and m3 in the inverted mass ordering, to flavor
effects is studied in [50] using a seesaw model setup similar
to this study. Notably, the dynamical coupling in our work
is primarily embedded in high-scale models, while the
flavor contributions can be introduced at low energy scales,

meaning that both mechanisms can in principle be imple-
mented simultaneously within a consistent model. The last
case, M1 ≲ 5 × 108 GeV, is the three-flavor regime where
both the τ interaction and the μ interaction are efficient.
Existing studies found that the BAU in the three-flavor
regime is small, unless a quasi-degenerate RHN spectrum or
a fine-tuned parameter region is introduced. Finally, we
direct readers to [46] for discussions on flavor effects in
leptogenesis beyond the hierarchical RHNmass assumption.

V. DISCUSSION

In this letter, we introduced temperature dependence into
the RHN coupling λD, as a new approach to effectively
reduce washout effects in leptogenesis. In this scenario,
λD experiences significant suppression at high temper-
atures, resulting in the simultaneous suppression of both
RHN decays and washout processes. As the temperature
decreases to below the RHN mass, λD restores to the
thermal leptogenesis value, generating the lepton asym-
metry through RHN decays while washout processes are
already Boltzmann suppressed. Through this temperature-
dependent coupling, the washout effects are highly sup-
pressed, ensuring the survival of all generated asymmetry,
hence accounting for the observed BAU.
While this study aims to provide a first attempt to resolve

the washout issue with dynamical couplings in the strong
washout regime of leptogenesis, there are further model
building aspects that can be incorporated in the future. We
briefly comment on these possibilities. First, the RHN
flavor effect and charged lepton flavor effect are not
included in this study. While the RHN flavor effect is
minor for the assumed hierarchical RHN mass relation,
lepton flavor effects could potentially enhance BAU gen-
eration, especially for the lightest RHN mass in the two-
flavor region previously discussed. Second, although the
CP-violation parameter is chosen to be a constant in this
model, one can in principle choose the complex neutrino
coupling matrix λD such that the ϵ parameter also evolves
dynamically. A possible scenario is that when the tem-
porary enhancement in ϵ is introduced at high temper-
atures, sufficient B − L asymmetry can be generated, even
if the RHN abundance is small or the washout remains
active. Although the detailed model building of dynamical
CP violation is beyond the scope of this work, we note
that a consistent model should satisfy constraints on
contributions to leptonic CP-violation phases at low
energies [44,48,53,54]. Lastly, the dynamical evolution
during the generation of BAU can be achieved within
neutrino mass models. For example, a seesaw model with
dynamical scales is studied in [55] where the BAU is
enhanced in the weak washout regime without being
affected by the initial RHN abundance.
In summary, we introduced a new mechanism that can

significantly open up parameter space for leptogenesis. For
hierarchical RHN masses, the observed BAU is produced

FIG. 5. CP-violation parameter ϵ for generating the observed
BAU with different RHN mass M1. The green, blue, and red
bands show ranges of ϵ needed for 8 meV ≤ m̃ ≤ 50 meV in
thermal leptogenesis, step function, and power law scenarios.
Other parameters are consistent with Fig. 1. The region con-
strained by the Davidson-Ibarra bound is shown in the gray-
shaded area.
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forM1 ≳ 109 GeV. In particular, our mechanism allows the
parameter space 109 GeV≲M1 ≲ 1011 GeV in which
conventional leptogenesis suffers from strong washout
effects. For heavier RHNs, the newmethod requires smaller
CP-violation compared to the Davison-Ibara bound,
thereby allowing more versatility in constructing RHN
models that link heavy mass scales to phenomenological
searches for CP-violation at lower energy scales. Future
work dedicated to developing detailed temperature-
dependent coupling models holds promising prospects.
Additionally, exploring the cosmological evolution within
dynamical coupling models is expected to yield comple-
mentary signals, such as the aforementioned GWs from PT
models, for probing this mechanism. Our findings highlight
that dynamical coupling introduces a fresh and compelling
pathway in the landscape of leptogenesis.
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APPENDIX: LEPTOGENESIS
REACTION RATES

In this appendix, we summary reaction rates for lepto-
genesis following [10], and discuss how to modify the rates
to include the dynamical coupling effects. We calculate the
leptogenesis process in the standard Friedmann-Robertson-
Walker cosmology. The Hubble expansion rate is deter-
mined by the energy density

H2 ¼ 8πG
3

ρ: ðA1Þ

The comoving number densities of the lightest RHN N1ðzÞ
and the B − L asymmetry NB−LðzÞ, as a function of
z≡M1=T, are calculated with the set of differential
equations in Eq. (3). The reaction rates in the equations
for decay D ¼ ΓD=Hz, washout W ¼ ΓW=Hz, and scatter-
ing S ¼ ΓS=Hz are defined as follows.
The decay width of the lightest RHN is

ΓD ¼ λ2D
8π

M1

K1ðzÞ
K2ðzÞ

: ðA2Þ

Here K1 and K2 are the Bessel functions of the first and the
second kind. The coupling λD is related to the effective
lightest neutrino mass m̃, the lightest RHN mass M1, and
the Higgs vev vh as

λ2D ¼ m̃M1

v2h
: ðA3Þ

The total washout rate includes contributions from
different processes. We can write down the washout rate as

W ¼ W0 þ ΔW; ðA4Þ

where W0 only depends on m̃, and ΔW depends on M1.
The first contribution term can be written as

W0 ¼ WID þWΔL¼1: ðA5Þ

TheWID is from the inverse decay process of the RHN, and
its rate is

WID ¼ 1

4
Kz3K1ðzÞ: ðA6Þ

The parameter K is defined with the decay rate at temper-
atures much lower than the leptogenesis scale, indicating
whether the RHN can decay in equilibrium,

K ¼ ΓDðz ¼ ∞Þ
Hðz ¼ 1Þ : ðA7Þ

For the parameters used in the main text, K ≫ 1 such that
the benchmarks are in the strong washout regime. The
second term inW0 is from the washout induced by ΔL ¼ 1

scattering processes NlðlÞ → t̄qðtq̄Þ and Ntðt̄Þ→lqðlq̄Þ,
mediated by the Higgs. The washout rate is directly related
to the scattering rate by

WΔL¼1 ¼ 2
WID

D

�
N1

Neq
l

SH;s þ 2SH;t

�
: ðA8Þ

Here the number density N1 of the lightest RHN and the
equilibrium number density Neq

l of SM leptons are used.
Finally, the washout contribution from ΔL ¼ 2 processes
ll → H̄ H̄, ll → HH, and lH → l H̄ with the RHN in
the mediator gives the rate ΔW,

ΔW ≃
ω

z2

�
M1

1010 GeV

��
m̄
eV

�
: ðA9Þ

The value of ω ≃ 0.186 is independent of RHN parameters.
In the end, we include the rate for the scattering

processes that are responsible for both the thermalization
of RHN and the washout of B − L asymmetry. In this
study, we only include the scattering involving quarks.
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The scattering rate consists of the t-channel term SH;t and
the s-channel term SH;s,

S ¼ 2SH;s þ 4SH;t: ðA10Þ

We refer to Appendix B of [10] and Ref. [5] for the explicit
form of SH;s and SH;t that are calculated with the reduced
scattering cross sections.

In the proposed dynamical coupling scenario, the RHN
coupling λD is promoted from a constant to a function of z,
which we choose to be either a step function λD;sðzÞ as
defined in Eq. (1) or a power law function λD;pðzÞ as
defined in Eq. (2). The reaction rates calculated with these
dynamical λDðzÞ couplings are used to produce the results
presented in the main text.
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