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Abstract

We study the possibility of cogenesis of baryon and dark matter (DM) from the out-of-equilibrium

CP violating decay of right handed neutrino (RHN) that are dominantly of non-thermal origin.

While the RHN and its heavier partners can take part in light neutrino mass generation via

Type-I seesaw mechanism, the decay of RHN into dark and visible sectors can create respective

asymmetries simultaneously. The non-thermal sources of RHN considered are (a) on-shell decay

of inflaton, and (b) evaporation of ultralight primordial black holes (PBH). After setting up the

complete set of Boltzmann equations in both these scenarios, we constrain the resulting parameter

space of the particle physics setup, along with inflaton and PBH sectors from the requirement of

generating correct (asymmetric) DM abundance and baryon asymmetry, while being in agreement

with other relevant cosmological bounds. Scenario (a) links the common origin of DM and baryon

asymmetry to post-inflationary reheating via RHNs produced in inflaton decay, whereas in scenario

(b) we find enhancement of baryon and DM abundance, compared to the purely thermal scenarios,

in presence of PBH with appropriate mass and initial fraction. Although the minimal setup itself

is very predictive with observational consequences, details of the UV completion of the dark sector

can offer several complementary probes.
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I. INTRODUCTION

Observational evidences [1–4] suggest that the present universe is composed of about 32%

matter out of which only ∼ 5% is in the form of visible matter or baryons. The remaining

∼ 27% is in the form of a mysterious, non-luminous and non-baryonic form of matter,

popularly known as the dark matter (DM). In terms of density parameter ΩDM and reduced

Hubble constant h = Hubble Parameter/(100 km s−1Mpc−1), the present DM abundance is

conventionally reported as [5]
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ΩDMh
2 = 0.120± 0.001 (1)

at 68% CL. The visible or baryonic matter content is also highly asymmetric, giving rise to

the longstanding puzzle of baryon asymmetry of the universe (BAU). While any non-zero

primordial asymmetry chosen as an initial condition will be diluted by the exponentially

expanding phase of inflation, it is also natural for the universe to start in a baryon symmetric

manner. The observed BAU is quantitatively quoted as the ratio of excess of baryons over

anti-baryons to photon [5]

ηB =
nB − nB

nγ
' 6.2× 10−10. (2)

The quoted value of baryon to photon ratio based on the cosmic microwave background

(CMB) measurements, agrees with the big bang nucleosynthesis (BBN) estimates as well [6].

While the origin of this asymmetry is not known, the particle nature of DM is also a mystery.

However, we do know that none of the standard model (SM) particles satisfy the criteria of a

viable particle DM candidate. In addition, the SM also fails to satisfy the criteria (known as

Sakharov’s conditions [7]) in adequate amounts to dynamically generate the observed BAU.

This has led to several beyond the SM (BSM) proposals offering possible solutions to these

puzzles. As it is well known, the weakly interacting massive particle (WIMP) paradigm has

been the most widely studied particle DM scenario [8–13], while out-of-equilibrium decay of

a heavy particle leading to the generation of baryon asymmetry has been a very well known

mechanism for baryogenesis [14, 15]. One interesting possibility to achieve baryogenesis

via lepton sector physics is known as leptogenesis [16] where, instead of creating a baryon

asymmetry directly, a lepton asymmetry is generated first which subsequently gets converted

into baryon asymmetry by the (B + L)-violating electroweak sphaleron transitions [17].

The popular BSM frameworks mentioned above can certainly explain the origin of DM

and BAU independently, but an intriguing observation is the similarity in their abundances

ΩDM ≈ 5 ΩBaryon, within the same order of magnitude. Ignoring the possibility of a nu-

merical or mere cosmic coincidence, one has to provide a dynamical origin behind such a

serendipity. There have been several works in pursuit of finding a common origin for DM

and baryon asymmetry, a brief review of which can be found in [18]. This broadly falls into

two categories. In the first one, the usual mechanism for baryogenesis is extended to the

dark sector assuming the dark sector to be asymmetric [19–22]. In typical asymmetric dark
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matter (ADM) scenario, the same out-of-equilibrium decay of a heavy particle into baryon

and dark sector can give rise to asymmetries in the two sectors of similar order of magni-

tudes nB−nB ∼ |nDM−nDM|. The second approach is to produce such asymmetries through

annihilations [23–25], where one or more particles involved in the process eventually go out

of thermal equilibrium to generate a net asymmetry. The so-called WIMPy baryogenesis

[26–28] belongs to this category, where a DM particle freezes out to generate its own relic

abundance while simultaneously producing an asymmetry in the baryon sector. The idea

extended to leptogenesis is called WIMPy leptogenesis [29–34].

Motivated by these, we consider a simple realisation of the asymmetric dark matter

scenario where out-of-equilibrium decay of heavy right handed neutrinos (RHN) can play

the role in generating both dark and visible sector asymmetries simultaneously [35, 36].

The same RHNs can also give rise to light neutrino masses via Type-I seesaw mechanism

[37–40]. In such generic seesaw models, the scale of thermal leptogenesis remains high

pushing the scale of RHN to a very high scale M > 109 GeV, known as the Davidson-Ibarra

bound [41]. However, the reheat temperature of the universe after inflation (TRH) can be

much lower forbidding the thermal production of RHNs. In such a scenario, the RHNs

can still be produced non-thermally from the inflaton field, leading to the scenario of non-

thermal leptogenesis [42–60]. Also, there exists no experimental evidence to suggest that the

universe was radiation dominated prior to the BBN era and existence of some non-standard

cosmological phase can alter the predictions of high scale phenomena like leptogenesis. A

recent review of such non-standard cosmology can be found in [61], while its effects on

leptogenesis have been discussed in several works including [62–68]. In the present work we

consider two different sources of non-thermal RHNs namely, (a) inflaton decay, where we

assume that the inflaton decays only into a pair of RHNs and (b) evaporation of primordial

black holes (PBH), and in each case we study study the consequences for generation of

dark and visible sector asymmetries. While the first case connects the cogenesis of DM and

baryons to the post-inflationary reheating via non-thermal RHNs produced from inflaton,

the presence of PBH with appropriate mass and initial fraction can lead to enhancement of

baryon and asymmetric DM abundance compared to the purely thermal case.

This paper is organised as follows. In section II we discuss our minimal setup. Section III

and IV are dedicated to the details of asymmetric dark matter production from inflaton and

primordial black holes respectively. In section V, we sketch a possible UV completion of the
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dark sector, and finally conclude in section VI.

II. THE MINIMAL SETUP

We start with a toy model to motivate our scenario and later provide its possible UV-

complete manifestation. The minimum ingredients to generate the dark and visible sector

asymmetries are adopted from [35]. The SM particle content is extended by two RHNs

sufficient to fit light neutrino data via Type-I seesaw mechanism along with two dark sector

particles namely a singlet scalar S, a singlet Dirac fermion χ both odd under an in-built Z2

symmetry. The out-of-equilibrium CP-violating decay of these RHNs to the visible as well

as to the dark sector produce asymmetry in both the sectors simultaneously. The interaction

Lagrangian for such a scenario can be expressed as

− L ⊃ 1

2
MN N cN + yN N H̃† ` +mχ χχ+ yχN S χ + h.c. , (3)

where we extend the SM particle spectrum by adding two generations of RHN Ni, singlet

under the SM gauge symmetry. The SM leptons are denoted by `. A lepton number is

assigned to the RHN such that its Majorana mass term is lepton number violating. Although

three copies of RHNs are considered in typical Type-I seesaw model, two are sufficient to

fit light neutrino data. The details of light neutrino mass generation and parametrisation

of the lepton-RHN coupling in terms of observed parameters of neutrino mass and mixing,

are given in Appendix A.

The singlet fermion χ plays the role of viable DM candidate and carries a lepton number

same as that of N . We consider this fermion to be vector like such that a bare mass term

mχ can be assigned to it without violating any U(1) symmetry like global lepton number.

To ensure the stability of the DM we impose an ad-hoc Z2 symmetry under which both

the singlet scalar S and the single fermion χ are odd, while all other particles are even.

This also implies, mχ < mS < Mi such that the singlet fermion is the only DM in the

present particle spectrum1. Note that, the scalar S is devoid of any vacuum expectation

value (VEV) such that there is no mixing between the DM and the RHN that may lead

1Possibility of either of them to be DM, depending on the mass hierarchy, has been addressed in [35].
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to DM decay2. The detailed phenomenology of this minimal setup has been discussed in

[35] by considering thermal RHNs. For thermal RHNs, the subsequent phenomenology is

insensitive to early universe histories. In this work, we consider non-thermal RHNs to be

the dominant source of asymmetries. As we discuss below, inflaton and primordial black

holes can play non-trivial roles in producing such non-thermal RHNs in the early universe

leading to subsequent asymmetries in visible and dark sectors.

III. ASYMMETRIC DARK MATTER FROM INFLATON DECAY

In the standard vanilla leptogenesis [70] as well as in minimal ADM framework, the

decaying particles (RHNs in our setup) are produced thermally from the SM bath. However,

the lower bound on RHN mass in such scenarios (Davidson-Ibarra bound, mentioned before),

leads to a lower bound on the reheat temperature TRH ≥ 1010 GeV [41, 71] so that the RHNs

can be produced from the thermal bath. While there is no observational evidence to suggest

such a high reheat temperature, one also faces the gravitino overproduction problem in

supersymmetric scenarios for such high TRH [72]. One suitable alternative is to consider

non-thermal production of RHNs. In this section, we consider the inflaton decay into RHNs

as a possible source. Our set-up is based on the assumption that the inflaton field ϕ decays

only into a pair of RHNs [42, 60, 73] via the coupling

− L ⊃ yϕ ϕ N cN , (4)

We consider inflaton coupling to other particles like DM χ: ϕχχ, singlet scalar S: ϕSS,

SM Higgs H: ϕH†H to be absent for simplicity. This ensures the inflaton to transfer its

entire energy density into the RHNs which subsequently decays into other light degrees of

freedom (DOF), leading to the required reheating of the universe. Without going into the

details of the dynamics of inflation, in the present scenario we look into the post slow-roll

era when the inflaton energy starts converting into the energy of the heavy neutrinos. This

helps us to perform the analysis without worrying about the details of inflationary model or

inflation potential. Similar approach can be found in [74] which considered the separation

2Non-zero VEV can result in DM decay into SM states that can have observational consequences [35, 69].
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of the period of inflation from reheating along with references for specific models of inflation

which allow this possibility.
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Figure 1. Tree level, vertex and the self-energy diagrams required for the generation of the asym-

metry in the lepton sector.
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Figure 2. Same as Fig. 1 but for the generation of the asymmetry in the dark sector.

As advocated in the beginning, we are interested in the scenario where the asymmetry in

the visible and in the DM sector are simultaneously generated from the non-thermal decay of

RHNs where the latter originate solely from the decay of inflaton. Assuming the symmetric

component of the DM being washed out, it is the asymmetry nχ−nχ̄ in number densities of

DM particles that determines the DM abundance in late universe. Since the DM χ carries
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a lepton number, hence lepton number asymmetries are generated in both the sector. We

also assume M1 � M2 i.e, we can integrate out N2 and consider contribution only from

N1 decay. The decay of N1 to the SM final states also generate the thermal bath in this

process. In Fig. 1 and Fig. 2 we depict the relevant Feynman diagrams that generate these

asymmetries. Below we express the CP asymmetries produced in the two sectors from the

decay of the lightest RHN N1 [35]:

ε∆L =

∑
α[Γ(N1 → lα +H)− Γ(N1 → lα +H∗)]

Γ1

(5)

' M1

8 π

Im[(3 y∗N y
T
N + y∗χ y

T
χ )M−1yN y

†
N ]11

[2 yN y
†
N + yχ y

†
χ]11

, (6)

and

ε∆χ =
Γ(N1 → χ+ S)− Γ(N1 → χ̄+ S∗)

Γ1

(7)

' M1

8 π

Im[(y∗N y
T
N + y∗χ y

T
χ )M−1yχ y

†
χ]11

[2 yN y
†
N + yχ y

†
χ]11

, (8)

where

Γ1 =
M1

16 π
(2 yN y

†
N + yχ y

†
χ)11 , (9)

is the total decay width of N1 and M = diag(M1 ,M2) is the diagonal RHN mass matrix

considering two RHNs. We choose hierarchical RHN mass spectrum with M2 = 50M1 such

that the inflaton only decays into N1. Since we have a single generation of χ, the yχ matrix

can be taken, in general, to be of the form

yχ =

 yχ1

yχ2

 . (10)

For the analysis purpose, we assume yχi to be real and identical, denoted by yχ. It is

noteworthy that even with real yχ we are being able to generate adequate CP-violation

thanks to the complex Yukawa couplings in the visible sector. Moreover, relative difference

in the two asymmetries depend upon the branching ratio of N1 decay and the washout,

transfer effects in case of thermal leptogenesis. However, since we are considering non-

thermal leptogenesis scenario where the RHN mass is larger than the reheating temperature,

these effects are sub-dominant and we ignore them in our analysis.
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A. Evolution of Yields

Since inflaton decays into RHNs only which subsequently decays into radiation while

producing dark and visible sector asymmetries at the same time, it is expected that the

evolution of yields for different components are interlinked, and can be expressed in terms

of a set of coupled Boltzmann equations (BEQ). This is given in Eq. (11). The setup can

also be understood from the cartoon in Fig. 3, where we show how different components are

linked to each other. The set of coupled BEQs governing the evolution of energy densities

together with the dark and visible sector asymmetries is given by

ρ̇ϕ = −3H ρϕ − Γϕ ρϕ

˙ρN = −3H ρN + Γϕ ρϕ − ΓN ρN

ṅB-L = −3H nB-L − ε∆L ΓN nN − ΓID nB-L

ρ̇R = −4H ρR + ΓN ρN

ṅ∆χ = −3H n∆χ + ε∆χ ΓN nN − ΓID n∆χ

(11)

where ΓID is the inverse decay rate. Here we would like to comment on the role of inverse

decay and scattering in washing out the asymmetries generated. Choosing some benchmark

values of the masses and couplings (which we shall also use in Sec. III B), we find Γ1 '
2×108 GeV�M1 = 1012 GeV, which implies we are always in the weak washout regime [35].

We further note that, for the same set of parameters, Γ1 < H(T = M1) holds, implying N1

is out of thermal equilibrium with the SM bath at T ≥ M1 [75], where H(T = M1) ' 1011

GeV. This is anyway understandable as the Hubble rate is always faster (compared to pure

radiation domination) with additional contribution. Even in the absence of the inverse

decay, the ∆L = 2 scattering processes can be effective, since in that case the expression

for washout does not have a Boltzmann suppression, rather scales as some power of 1/M1

(see Eq. (27) of [76]). However, we find that the final asymmetry does not alter even in the

presence of these processes, simply because of very heavy RHN mass that suppresses the

effect of these washouts. Hence, we do not consider them in the BEQ.

As we shall see in a moment, in the present scenario M1 ∼ Tmax, which is the maximum

temperature of the thermal bath during inflation, and Tmax � TRH. Thus, for T < Tmax, the

RHNs are always out of thermal equilibrium. The third and the fifth equations determine
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the yield for the visible and dark sector asymmetries respectively, while the first, second and

fourth equations determine the evolution of the energy densities for the inflaton, RHN and

radiation respectively. We consider the RHNs to be non-relativistic, therefore nN = ρN/mN

holds, where in our case mN ≡ M1. Note that this assumption does not strictly hold as

the energy of the RHNs at the production is mϕ/2 > M1, and hence they are relativistic.

Therefore, the RHNs can either decay while they are still relativistic or after becoming non-

relativistic. Now, in the present scenario with high scale leptogenesis, we have ΓN � Γϕ,

which shows, the RHNs decay instantaneously after their production, and thus the physical

reheating temperature of the universe remains the same as the one obtained by considering

instantaneous decay of the inflaton. Subsequently, the final B − L asymmetry in this case

does not change as the decay rate of the RHN is modified by a factor of M1/EN , still pertain-

ing to the fact that ΓN×M1/EN � Γϕ for our choice of parameters, where EN = mϕ/2 [77]3.

For low scale leptogenesis where RHNs are relatively long-lived, their loss of energy before

decay can be important and appropriate dilution factor needs to be incorporated depending

upon their relativistic or non-relativistic nature. A complete numerical analysis, carefully

considering the decay and red-shift of energy density of relativistic RHNs is not the goal of

the present study and we keep it as for future studies.

The inflaton decays only into a pair of lightest RHNs, the decay width is thus given by

Γϕ '
y2
ϕ

4π
mϕ . (12)

Since we are considering a hierarchical mass spectrum for the heavy neutrinos M2 � M1

(with 2M1 < mϕ), hence potential effects of N2 can be neglected4.

It is convenient to make suitable variable transformation while solving Eq. (11). We make

the following set of transformations by scaling the energy and number densities with the

scale factor a [55, 79]

3In [45] the authors discussed non-thermal leptogensis considering the RHNs decay after becoming non-

relativistic.
4Baryon asymmetry can be generated by the second-lightest RHN in certain areas of parameter space as

discussed in the context of thermal leptogenesis [78].
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Figure 3. Schematic diagram of asymmetry production in the dark and in the visible sector from

RHN produced from inflaton decay.

ρ̃ϕ = ρϕa
3,

ρ̃N = ρNa
3,

ÑB−L = nB−La
3,

ρ̃R = ρRa
4,

X = n∆χa
3 .

(13)

We also define

ξ =
a

aI

as the ratio of scale factors and assume aI = 1. Note that, no physical result depends on

this choice and hence aI can be chosen to be anything5. The factor aI is chosen as the initial

value of the scale factor, while ξ is the proxy to the time (temperature) variable. With these

definitions, the Hubble parameter reads

H =

√
8π

3M2
pl

ρ̃ϕ aI ξ + ρ̃N aI ξ + ρ̃R
a4
I ξ

4
. (14)

In terms of these rescaled variables, Eq. (11) can be written as

5In [79], the authors have defined aI = T−1
RH.
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ρ̃
′

ϕ = −Γϕ
H

ρ̃ϕ
ξ
,

ρ̃
′

N =
Γϕ
H
ρ̃ϕ
ξ
− ΓN
H ξ ρ̃N ,

Ñ
′

B−L =
ΓN
H ξ ε∆L

ρ̃N
M1

,

ρ̃
′

R =
ΓNaI
H ρ̃N ,

X
′
=

ΓN
Hξ ε∆χ

ρ̃N
M1

.

(15)

In the above set of equations, prime in superscript corresponds to derivative with respect to

ξ = a/aI . Excepting for the inflaton, which has an initial energy density, all other quantities

are being produced from different sources originating directly or indirectly from inflaton

only. Hence we can set the initial conditions for different quantities appearing in Eq. (15)

as

Ñ(B−L)I = 0; ρ̃ϕ = ρ̃ϕI ;

ρ̃RI = 0; ρ̃NI = 0; XI = 0.
(16)

In obtaining the initial energy density for the inflaton we use

ρ̃ϕI =
3

8 π
M2

pl H
2
I ≡ ρϕI , (17)

where the last line follows from the fact that aI = 1. Now, CMB observation puts a bound

on the scale of inflation [80]: HI < 2.5 × 10−5Mpl, implying ρϕI . 3 × 10−6M4
pl. The

observed baryon asymmetry depends on the final B − L abundance, which can be derived

in terms of the redefined ÑB−L via

YB−L =
nB−L

s
=

[
45

2 π2 g?s

](
30

π2 g?ρ

)−3/4

ÑB−L ρ̃
−3/4
R , (18)

where we have used

T =

(
30ρR
π2g?

)1/4

(19)
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which is allowed since the heavy neutrinos are non-relativistic6. Sphaleron interactions are

in equilibrium in the temperature range between ∼ 100 GeV and 1012 GeV, and they convert

a fraction of a non-zero B − L asymmetry into a baryon asymmetry via

YB ' asph YB−L =
8NF + 4NH

22NF + 13NH

YB−L , (20)

where NF is the number of fermion generations and NH is the number of Higgs doublets,

which in our case NF = 3 , NH = 1 and asph turns out to be 28/79. In leptogenesis, where

purely a lepton asymmetry is generated, B − L = −L. This is converted into the baryon

asymmetry via sphaleron transition [70, 71]. Finally, the observed baryon asymmetry of the

universe is given by [80]

ηB =
nB − nB

nγ
' 6.2× 10−10 , YB ' 8.7× 10−11 . (21)

As mentioned before, the DM abundance is set by the asymmetry in the DM sector that

indicates the residual number density for the asymmetric DM, and is given by

Ωχ h
2 ' 2.75× 108

( mχ

GeV

)
Y∆χ (T0) = 2.75× 108mχX ρ̃

−3/4
R

( 45

2π2 g?s

)(π2 g?ρ
30

)3/4

(22)

where Y∆χ (T0) ≡ n∆χ/s (T0) is the yield of the asymmetry in the DM sector at the present

temperature T0 and s is the entropy per comoving volume in the visible sector.

B. Results and Discussions

In this section we discuss the results of the first part of our analysis i.e., asymmetric DM

from inflaton decay. The solution to the set of five coupled BEQ in Eq. (15) is numerically

performed to obtain the yield of the different components. Note that, the minimal model

provides us with the following free parameters

{M1 ,mϕ ,mχ , yχ , yϕ} . (23)

6If the produced heavy neutrinos were relativistic then T =
(

30(ρR+ρN )
π2g?

)1/4
, which would be true if mϕ �

MN .
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However, in the following analysis we will always fix the mass of the inflaton and the RHN

ensuring M1 < mϕ/2 such that the inflaton can always decay into a pair of RHNs on-

shell. Hence the resulting parameter space is decided by three free parameters, namely the

Yukawas yχ,ϕ and the DM mass mχ. Before delving into a detailed parameter space scan,

we first analyze the impact of different free parameters on the yield by fixing a few of them

to benchmark values.

Figure 4. Top left panel: Yield of different components (normalized to ρ̃ϕI ) as a function of ξ = a/aI

for fixed values of the RHN mass M1 = 1012 GeV, inflaton mass mϕ = 1014 GeV and Yukawas

yχ = 10−2, yϕ = 10−5. Top right panel: Evolution of SM bath temperature T with ξ = a/aI for

different choices of yϕ shown by different patterns. Bottom left panel: Same as top right panel but

with different choices of the RHN mass shown by different curves. Bottom right panel: Energy

densities as function of ξ for fixed choices of other parameters as mentioned in the plot.

In the top left panel of Fig. 4 we show yields as function of ξ = a/aI for M1 = 1012

14



GeV, mϕ = 1014 GeV, yχ = 10−2 and yϕ = 10−5. These choices are arbitrary and a

different combination can also lead to the observed relic abundance for the DM or the

baryon asymmetry of the universe. Here we see, as expected, the yields for radiation (in

blue) and the asymmetries (in black and orange) start from very small values initially and

then increase with time, whereas the same for the inflaton and the RHN diminish. In fact

the RHN abundance also increases from small values at very early epochs, after the inflaton

field starts decaying into them. The yields for radiation and asymmetries get saturated at

ξ ∼ 6.5 × 107. This corresponds to the reheating temperature TRH ' 1010 GeV as one can

read off from the top right panel plot where we show the evolution of SM bath temperature

with the scale factor. Needless to mention, at T = TRH inflaton decay is completed and the

universe enters into radiation dominated era. As a result, the radiation yield also saturate at

the same time, as shown by the blue curve in top left panel plot. The completion of inflaton

decay also implies that the RHNs do not get produced further beyond ξ ∼ 6.5× 107, since

the inflaton has a 100% decay into the RHNs. Hence we see a sharp fall in the RHN yield

(shown via red curve) due to its decay into leptons and DM. Consequently, the asymmetries

both in the visible and the DM sector freeze in at the same time (shown in black and orange

colour). This is interesting since inflaton decay plays the key role in deciding the dynamics

of different components. One must also notice a bend near ξ ∼ 5.2 × 104 in the yields

for the RHN (and the asymmetries). Beyond this point the production of the RHNs via

ϕ → N1N1 process becomes comparable to its decay. As a consequence, we see a plateau

region in RHN evolution before its yield starts falling sharply at T = TRH, where the inflaton

decay is over. Since RHN is the source for both the radiation and the asymmetries, hence

we see a change in slopes of blue, black and orange coloured curves near ξ ∼ 5.2 × 104.

This practically corresponds to the maximum temperature attainable during reheating i.e.,

T = Tmax. Finally, note that the asymmetries in either sector evolve exactly in the same

manner, since they have the same source. In the top right panel the evolution of the SM

temperature is plotted against ξ, where we clearly see the effect of non-instantaneous decay

of the inflaton, due to which the bath temperature rises up to T = Tmax at a very early

time. One should note, for a given yϕ, initially, the temperature is independent of ξ (for

yϕ = 10−5 this happens till ξ ∼ 105). During this time the RHN number density is large

enough such that ΓN ρN (for a given M1, ΓN is fixed) becomes comparable to 4H ρR that

accounts for the dilution of radiation energy density due to expansion. Hence we do not
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see any visible change in the bath temperature as the radiation energy density remains

approximately constant with time during this period cf. second equation in Eq. (11). The

temperature then evolves as T ∝ a−3/8, when the RHN decay rate becomes comparable to

its production rate, as a consequence the RHN yield stops increasing further after a certain

ξ depending on yϕ (for yϕ = 10−5 we see this pattern between ξ ∼ 105 − 107), but the

decay still goes on. Afterward, the temperature scales as T ∝ a−1 when the inflaton decay

to RHN is complete, as a result of which subsequent RHN production ceases and there is

no further production of radiation bath. This is where the radiation dominated era begins.

The change of slope at T = TRH denotes this transition. Note that, a smaller yϕ results

in a smaller reheating temperature. This is expected since a larger yϕ results in a larger

decay width Γϕ→N1N1 ∝ y2
ϕ for the inflaton, giving rise to a smaller lifetime. This means the

inflaton decay is complete earlier and radiation domination begins at a higher temperature

i.e., a higher TRH. On the other hand, for a fixed yϕ, the evolution of SM bath temperature

does not get affected for different yχ since it does not affect the inflaton decay width. The

plateau becomes wider with smaller RHN mass since in that case the decay of the RHN is

delayed and the RHN-dominated epoch gets longer as shown in the bottom left panel. It

is important to note here that for fixed yϕ and yχ, the ratio of TRH to Tmax is fixed, and

not a free parameter. We find, in our scenario Tmax/TRH can be maximum of ∼ O(100)

for yϕ = 10−7, while for larger yϕ, this ratio can be of ∼ O(10) as can be seen from top

right panel of Fig. 4. In either cases, we see M1 ∼ Tmax, implying the RHNs fall easily

out of equilibrium at T < Tmax, as explained earlier. Note that, with the chosen values of

yϕ we always have Γϕ � ΓN , therefore the RHNs decay instantaneously after having been

produced in inflaton decays, implying the RHN dominated epoch occurs over a very short

period of time. Lastly, in the bottom right panel we show the evolution of energy densities

(scaled with respect to the initial inflaton energy density) of radiation, inflaton and RHN

with ξ. The importance of this plot lies in the fact that the energy density due to radiation

dominates over that due to inflaton at and after ξ ∼ 5.2× 107, which, in other words, is the

point beyond which the temperature scales as a−1 i.e., radiation dominated era begins. This

boundary is exactly where we can define the reheating temperature TRH, as can be read off

from the top right panel (dot-dashed curve).

The effect of the free parameters on the yield of DM and B−L asymmetry are illustrated

in Fig. 5. We again fix the RHN mass M1 = 1012 GeV and the inflaton mass to mϕ = 1014
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GeV. Then we plot the asymmetries as a function of ξ = a/aI considering different values

of the Yukawas {yχ , yϕ}. In the top left panel we show how the DM asymmetry varies

with ξ for a fixed yχ with different choices of yϕ shown in different colours. Here we see,

irrespective of the choice of yϕ, the asymptotic DM asymmetry remains the same. This

is because, the asymmetry in the DM sector X ′ ∝ ε∆χ ∝ y2
χ (Eq. (15)), hence for a fixed

yχ the final asymmetry does not change. However, a larger yϕ results in a larger decay

width or equivalently, a shorter lifetime for the inflaton. As a consequence, we see the

inflaton abundance falls earlier for a larger yϕ (red dot-dashed curve) showing a smaller

plateau. This also, in turn, affects the RHN yield. For a smaller yϕ (that correspond to a

smaller TRH) we see a wider plateau in ρ̃N (blue dashed curve). As in this case, the inflaton

decay occurs over a longer period, the RHN production remains comparable to its decay

over a longer epoch. For larger yϕ the RHN yield also rises compared to other cases since

ρ̃N ∝ Γϕ ∝ y2
ϕ. Since the RHN mass is fixed (so is the Dirac Yukawa coupling), hence the

final B − L asymmetries also converge for different choices of yϕ as seen from the top right

panel plot. Note that, both the yield X and ÑB−L increase initially with the increase in

yϕ, simply because the RHN yield rises. But as soon as the inflaton decay gets completed

they converge to fixed asymptotic values. Similar to the behaviour seen in Fig. 4, we again

see the asymmetries saturating the moment inflaton decay is complete. In the middle panel

we show the dependence of relevant yields on yχ, by keeping yϕ fixed to a constant value.

Here we find, increasing yχ results in an enhanced DM asymmetry but has a negligible effect

on B − L asymmetry. Since yϕ is kept fixed (along with RHN mass), the inflaton decay

width also remains fixed due to which there is no visible change in ρ̃ϕ (blue dot-dashed

curve). The influence of yχ on B − L asymmetry is even minute as shown by the middle

right panel plot, where different coloured solid curves are almost inseparable. Finally in

the bottom panel we show the effect of having different RHN masses keeping the Yukawas

fixed. First of all, here we see, different masses of the RHNs do not affect the evolution

of inflaton energy density since the inflaton decay width remains approximately unchanged.

However, a smaller M1 results in a smaller plateau for the RHN (as shown by the red dashed

curve) yield. This can be attributed to the fact that for heavier RHN, the corresponding

Dirac Yukawa coupling is comparatively large, hence its decay starts competing with the

production from a much earlier epoch leading to a wider plateau region. However, the RHN

decay gets completed at the same time immaterial of their masses because of the fact that
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the reheating temperature remains fixed for a fixed yϕ. Also, for a low mass RHN, the yield

in its density is larger since a smaller mass results in a smaller decay width which in turn

implies that the decay rate starts competing with the production at a much later epoch.

This results in a larger yield for RHN with smaller mass. Since a larger M1 corresponds to

a larger Dirac Yukawa coupling, hence the branching ratio of N1 decay to SM final states

become dominant when M1 is comparatively large. This reduces the final DM yield as one

can see from the solid curves in the bottom left panel. On the other hand, different M1’s do

not affect the asymptotic yield of the B−L asymmetry as one can see from the bottom right

panel plot, since for a fixed yϕ, the reheating temperature TRH does not change, and so is

the inflaton decay width. Therefore, the B −L production stops as soon the inflaton decay

is complete irrespective of RHN mass. Before moving on we would like to mention that the

final baryon asymmetry in the present scenario can be analytically determined, assuming

the inflaton decays instantaneously after getting produced from inflaton decay as [42, 45–48]

YB ' −
28

79

3

2
ε1
TRH

mϕ

. (24)

We find, using yϕ = 10−7 , yχ = 10−2 ,M1 = 1012 GeV and mϕ = 1014 GeV our full numerical

calculation provides Y numerical
B = 4.75 × 10−12, whereas from the approximately analytical

expression we obtain Y analytical
B = 4.25× 10−13 for TRH ' 109 GeV. The difference of ∼ O(1)

in the magnitude of final baryon asymmetry is expected since in the full numerical analysis

we have considered the effect of Tmax(> TRH) incorporating the non-instantaneous inflaton

decay.

In Fig. 6 we have shown how the asymmetries in the visible (top panel) and in the DM

sector (bottom panel) evolve with time. We have fixed the RHN and the inflaton mass

to 1012 GeV and 1014 GeV respectively, while considering some benchmark values of the

Yukawa couplings yχ and yϕ to understand their effects. For a fixed yϕ, radiation and

inflaton energy densities are not affected by different choices of yχ as one can notice from

the top left figure. However, the B − L asymmetry slightly rises for increase in yχ since

it altogether increases RHN decay width although the branching in the visible sector gets

diminished. One should note the change in slope of all the solid curves at ξ ∼ 107, where

the inflaton decay is complete. This change in slope in nB−L/s is due to the decay of the

RHN that results in entropy injection in the thermal plasma, which stops at ξ ∼ 108 once
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Figure 5. Top panel: Variation of inflaton energy, radiation energy, together with the DM asym-

metry (left panel) and B − L asymmetry (right panel) shown respectively by dot-dashed, dashed

and solid curves (normalized to ρ̃ϕI ). Here different colours correspond to different choices of yϕ,

while yχ is kept fixed along with the mass of the RHN. Middle panel: Same as top panel but for

different choices of yχ shown in different colours, while yϕ is kept to a fixed value. Bottom panel:

Same as top and middle but for different choices of the RHN mass M1 shown in different colours,

where yχ ,ϕ are fixed. In all these plots the inflaton mass if fixed to mϕ = 1014 GeV.

the RHN decay is complete and thereafter remains constant till today. On the other hand,
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Figure 6. Top panel: Evolution of radiation, inflaton energy density and B −L asymmetry with ξ

for different choices of yχ (left) and yϕ (right) shown in different colours. Bottom panel: Same as

top but with asymmetry in the DM sector.

different choices of yϕ potentially affect the decay lifetime of the inflaton causing it to decay

faster for a larger yϕ. This is evident from the red dot-dashed curve in the top right panel.

Here the change of slope in the solid curves are even more prominent and they occur at

different epoch as the decay lifetime of the inflaton keeps changing with yϕ. Again because

of the common single source of asymmetry we find n∆χ/s to behave exactly in the same

manner as nB−L/s, as one can perceive from the bottom panel plots. Therefore we do not

elaborate them further.

Finally, a scan of the viable parameter space can be done by varying the DM mass and

the two Yukawa couplings over the ranges

mχ : {1− 108}GeV; yχ : {10−4 − 10−1}; yϕ : {10−7 − 10−5} , (25)
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Figure 7. Left panel: Relic density allowed parameter space in yχ − mχ plane where the colour

bar shows the variation of YB, while all the points satisfy Planck observed relic abundance in the

range 0.119 ≤ Ωχ h
2 ≤ 0.122. Right panel: Parameter space satisfying relic density and observed

baryon asymmetry for 8.52 × 10−11 ≤ YB ≤ 8.98 × 10−11, where the colour code shows values of

yϕ. Here we have fixed M1 = 1012 GeV and mϕ = 1014 GeV.

to satisfy both right relic abundance for the DM and also to produce the observed baryon

asymmetry. The range of yϕ is chosen in such a way that Γϕ � ΓN , and the universe has

a very short RHN dominated epoch. One should also note, within this range of yϕ, the

reheating temperature of the universe TRH ≤ 1010 GeV that satisfies the condition for non-

thermal leptogenesis since we are choosing M1 = 1012 GeV for all these scans. All coloured

points in the left panel plot of Fig. 7 satisfy the Planck observed relic abundance of DM. Now,

increasing yχ results in a larger asymmetry in the DM sector because of larger branching

ratio of corresponding N1 decay, following Eq. (8). This causes a larger final abundance for

the DM number density since X ′ ∝ ε∆χ. Naturally, one requires a lighter DM to satisfy

the observed abundance, since Ωχ ∝ mχX. As a result, the parameter space shifts towards

larger DM mass as we decrease yχ. It is possible to have DM of mass ∼ O(MeV) but at the

expense of making the Yukawa couplings yχ,ϕ larger. Thus, inflaton decay can give rise to

DM of mass from a few MeVs up to several TeVs by tuning the Yukawa couplings within

perturbative range. On the right panel we see only those points which satisfy both the relic

abundance and the baryon asymmetry in the same two dimensional plane of yχ −mχ as in

21



the left, but now the colour coding is done with respect to yϕ. As we have already seen, a

smaller yχ requires a larger DM mass to satisfy the relic abundance, here we see for such

points, in order to satisfy the observed ηB, a larger yϕ is needed as well. Since a small yχ

implies a larger branching Br ∝ yχ/(yχ + yN) of the RHN into the SM final states, resulting

a larger asymmetry in the visible sector, hence one needs to have a smaller yϕ to reduce the

RHN yield. This will automatically result in a decrement of ÑB−L as Ñ ′B−L ∝ ρ̃N ∝ Γϕ.

Thus, a larger yχ requires a smaller yϕ and a larger mχ to satisfy both the relic density and

the right baryon asymmetry.

Figure 8. Schematic diagram of asymmetry production in the dark and in the visible sector in

presence of primordial black holes.

IV. ASYMMETRIC DARK MATTER FROM PBH EVAPORATION

So far we have discussed the generation of asymmetries from the decay of inflaton in

a model-agnostic way. In this section we will consider a scenario where asymmetries can

emerge from the decay of the primordial black holes 7. To be more specific, the asymmetries

result from out-of-equilibrium decay of RHN with the dominant contribution coming from

non-thermal RHNs produced from the evaporation of PBH. However, the situation is a bit

7A recent review of PBH may be found in [81].
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different here as unlike in the case of inflation where inflaton coupling could be tuned in

a way such that it decays only into RHN, PBH, on the other hand, can emit all particles

democratically. The scenario is schematically shown in Fig. 8. We discuss the interest-

ing features of PBH briefly below followed by detailed discussion of its role in creation of

asymmetries in dark as well as visible sectors.

A. Primordial Black Hole: formation and constraints

We assume PBHs are formed after inflation during the era of radiation domination.

Assuming radiation domination, the mass of the black hole from gravitational collapse is

typically close to the value enclosed by the post-inflation particle horizon and is given by [82,

83]

mBH =
4

3
π γ
( 1

H (Tin)

)3

ρrad (Tin) (26)

with

ρrad (Tin) =
3

8π
H (Tin)2 M2

pl (27)

and γ ' 0.2 is a numerical factor which contains the uncertainty of the PBH formation. As

mentioned earlier, PBHs are produced during the radiation dominated epoch, when the SM

plasma has a temperature T = Tin which is given by

Tin =

(
45 γ2

16π3 g? (Tin)

)1/4√
Mpl

mBH(Tin)
Mpl . (28)

Once formed, PBH can evaporate by emitting Hawking radiation [84, 85]. A PBH can

evaporate efficiently into particles lighter than its instantaneous temperature TBH defined as

[85]

TBH =
1

8π GmBH

≈ 1.06

(
1013 g

mBH

)
GeV , (29)

where G is the universal gravitational constant. The mass loss rate can be parametrised as

[86]

dmBH(t)

dt
= −G g? (TBH)

30720π

M4
pl

min(t)2
, (30)
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where G ∼ 4 is the grey-body factor. Here we ignore the temperature dependence of g?

during PBH evolution, valid in the pre-sphaleron era. On integrating Eq. (30) we end up

with the PBH mass evolution equation as

mBH(t) = min(Tin)
(

1− t− tin
τ

)1/3

, (31)

with

τ =
10240πm3

in

G g?(TBH)M4
pl

, (32)

as the PBH lifetime. Here onward we will use min(Tin) simply as min. The evaporation

temperature can then be computed taking into account H(Tevap) ∼ 1
τ2
∼ ρrad(Tevap) as

Tevap ≡
( 45M2

pl

16π3 g? (Tevap) τ 2

)1/4

. (33)

However, if the PBH component dominates at some point the total energy density of the

universe, the SM temperature just after the complete evaporation of PBHs is: T evap =

2/
√

3Tevap [87].

The initial PBH abundance is characterized by the dimensionless parameter β that is

defined as

β ≡ ρBH (Tin)

ρrad (Tin)
, (34)

that corresponds to the ratio of the initial PBH energy density to the SM energy density at

the time of formation. Note that, β steadily grows until PBH evaporation since the PBH

energy density scales like non-relativistic matter ∼ a−3, while the radiation energy density

scales as ∼ a−4. Therefore, an initially radiation-dominated universe will eventually become

matter-dominated if the PBHs are still around. The condition of PBH evanescence during

radiation domination can be expressed as [83]

β < βcrit ≡ γ−1/2

√
G g?(TBH)

10640π

Mpl

min

, (35)
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where βc is the critical PBH abundance that leads to early matter-dominated era. Note

that for simplicity, we consider a monochromatic mass function of PBHs implying all PBHs

to have identical masses. Additionally, the PBHs are assumed to be of Schwarzschild type

without any spin and charge. The gravitational waves (GW) induced by large-scale density

perturbations laid by PBHs could lead to a backreaction problem [87, 88], that can be

avoided if the energy contained in GWs never overtakes the one of the background universe

or in other words if

β < 10−4
(109g

min

)1/4

. (36)

Figure 9. Left panel: PBH formation (red), evaporation (black) and the Hawking temperature

(blue) as a function of the PBH mass. The purple and black dashed vertical lines correspond to

the lower and upper bounds from CMB and BBN (see text). Right panel: βc as a function of PBH

mass where the black thick diagonal line segregates radiation domination vs PBH domination.

In left panel of Fig. 9 we have shown the dependence of TBH, Tin and Tevap on the PBH mass.

As one can see, Tevap falls fast with the rise in PBH mass (black solid line), while lighter

PBHs have larger formation temperature. From the right panel, on the other hand, we find

that in order to have PBH domination, β has to be large enough for lighter PBH. As we will

see, to produce observed baryon asymmetry together with right DM abundance, we need to

rely upon ultralight PBHs and a comparatively large β ensuring PBH domination. Since

PBH evaporation produces all particles, including radiation that can disturb the successful

predictions of BBN, hence we require Tevap > TBBN ' 4 MeV. This can be translated into
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an upper bound on the PBH mass. On the other hand, a lower bound on PBH mass can be

obtained from the CMB bound on the scale of inflation [80] : HI ≡ H(Tin) ≤ 2.5×10−5Mpl,

where H(Tin) = 1
2 tin

with t(Tin) = min

M2
pl γ

(as obtained from Eq. (26)). Using these BBN and

CMB bounds together, we have a window for allowed initial mass for PBH that reads

0.1 g . min . 3.4× 108 g . (37)

The range of PBH masses between these bounds is at present generically unconstrained [81].

While PBH can evaporate by Hawking radiation, it can be stable on cosmological scales

if sufficiently heavy, potentially giving rise to some or all of DM [89]. The bounds and

signatures of such heavy PBHs can be very different from the ones mentioned above and we

do not discuss such cosmologically long-lived PBH any further.

B. Right handed neutrino from PBH: Dark Matter and Baryogenesis

Initially proposed by Hawking [84, 85], PBH can have several interesting consequences

in cosmology [90, 91]. Even though the light PBHs of our interest are not long lived enough

to be DM, they can still play non-trivial roles in genesis of DM as well as baryogenesis.

Since PBH evaporate to all particles, irrespective of their SM gauge interactions, it can lead

to production of DM, leptons, baryons etc as well as other heavy particles like RHN in our

model. Although the evaporation of PBH in such a minimal scenario can not produce dark

or visible sector asymmetries8 on its own, it can produce heavy particles like RHNs whose

subsequent decay can produce the required asymmetries. Such a role of PBH evaporation

on baryogenesis was first pointed out in [84, 91] followed by some detailed study in [93] and

recently it has been taken up by several authors in different contexts [68, 82, 94–99]9. On

the other hand, the role of PBH evaporation on DM genesis have been studied for different

DM scenarios [87, 96, 101–103]. Thus, PBH evaporation can lead to the generation of both

RHNs and DM, depending on the PBH mass (see, for example, [68, 82, 83, 96, 97, 99, 102–

106]). However, in the present framework, we are not interested in DM generation from

8One can also generate a chemical potential directly from PBH evaporation, as discussed within the framework

of gravitational baryogenesis [92].
9In [100], the authors found that the rate of baryon number violation via sphaleron transitions in the standard

model can be enhanced in the presence of PBH.
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direct PBH evaporation, rather we are interested in the scenario of DM production from

the asymmetry generated in the dark sector via RHN decay. While we can not prevent DM

generation from PBH evaporation, eventually DM abundance is dictated by its asymmetric

component only, which is generated by the RHN decay only.

Before doing the complete numerical analysis, we first show the key features of such a

scenario by using approximate analytical expressions. The total number of RHNs N with

mass MN emitted during PBH evaporation can be estimated using [93, 105]

dN = −d (mBH)

3TBH

, (38)

which gives rise to

N =
gN

g?(TBH)


4π
3

(
min

Mpl

)2

for MN < T in
BH ,

1
48π

(
Mpl

MN

)2

for MN > T in
BH ,

(39)

where gN is the number of degrees of freedom for the RHN and T in
BH = TBH(t = tin) is the

initial PBH temperature. Note that, for MN < T in
BH, PBH emits RHNs from the beginning,

namely the formation of PBHs. In the opposite case, PBH emits RHNs only after its

Hawking temperature reaches MN .

The PBHs emit RHNs (along with all the SM particles and DM), and the CP-violating

decays of such non-thermal RHNs produce the lepton asymmetry. This lepton asymmetry

is then further converted into the observed baryon asymmetry via sphaleron transition like

in standard leptogenesis scenario. If N is the number of RHNs emitted from a single PBH

then the present baryon number yield can be written as [82, 93, 99]

nB
s

(T0) = N ε1 asph
nPBH

s

∣∣∣
Tevap

, (40)

where we assume no further entropy production after PBH evaporation.

It is possible to analytically derive the mass range of RHNs emitted from PBH evaporation

that can provide the required lepton asymmetry. In the Type-I seesaw mechanism, the

quantity ε has an upper bound [41, 59]
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Figure 10. Bound on RHN mass from the requirement of obtaining observed baryon asymmetry

from PBH evaporation. All the coloured regions are discarded from the bounds derived in Eq. (42)

and Eq. (44). The vertical black dashed line corresponds to (from left to right) the bound from

the scale of inflation (CMB), sphaleron transition and BBN. The white triangular region in the

middle is the region that is allowed.

ε .
3

16π

M1mν,max

v2
, (41)

where v = 246 GeV is the SM Higgs VEV and mν,max is the mass of the heaviest light

neutrino. On the other hand, the final asymmetry produced from PBH evaporation as

computed from Eq. (40), YB = nB/s
∣∣∣
T0
' 8.7×10−4 [80]. These together constrain the mass

of the RHN produced from PBH evaporation both from above and from below

M1


> 2 g?(TBH)

asph gN

M2
pl v

2

m
ν,maxm2

in

YB(T0) nPBH

s

∣∣∣
Tevap

for M1 < T in
BH ;

<
asph gN

128π g?(TBH)

M2
plmν,max

v2
1

YB(T0)
nPBH

s

∣∣∣
Tevap

for M1 > T in
BH ,

(42)
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where we have used

nPBH (Tevap) =
1

min

π2

30
g? (Tevap) T 4

evap . (43)

Another bound comes from the fact that if M1 < Tevap, then the RHNs produced from

PBH evaporation are in thermal bath and then washout processes are in effect. Hence, to

ensure non-thermal production of baryon asymmetry one must follow [82]

M1 > Tevap =⇒ M1 & 3× 10−3
(G2 g? (Tevap) M10

pl

m6
in

)1/4

. (44)

For scenarios where both thermal and non-thermal RHNs were taken into account for gen-

eration of lepton asymmetry, one may refer to [68, 98].

Lastly, in order for lepton asymmetry to be sufficiently generated from RHNs produced

from PBH evaporation, one requires evaporation to be over before sphaleron transition

Tevap & TEW, which translates into the corresponding bound on initial PBH mass

min . 3× 105 g . (45)

However, this bound similar to the BBN bound is naturally satisfied as one can see from

Fig. 10. We thus find that the observed baryon asymmetry is produced over a very tiny

region for 1011 . M1 . 1016 GeV and 0.5 . min . 10 g, depicted by the white triangular

region in Fig. 10.

While the PBH evaporation can not create baryon asymmetry directly in our minimal

scenario, it can create DM directly, as discussed in different contexts [83, 87, 96, 101, 104,

107–123]. However, in asymmetric DM scenario, the final DM abundance is dictated by the

dark sector asymmetry which is created only by the out-of-equilibrium decay of RHN where

the latter is produced dominantly from PBH evaporation. Thus, in the present scenario

asymmetric DM yield can be expressed as

YDM (T0) = ε∆χN
nPBH

s
(Tevap) , (46)

that leads to DM abundance
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ΩDM h2 =
mDM s0

ρc
YDM (T0) , (47)

where N is defined via Eq. (39), which results in

ΩDM h2 =
gDM

g? (Tevap)

mDM s0

ρc
ε∆χ

nPBH

s

∣∣∣
Tevap


4π
3

(min/Mpl)
2 for T in

BH > M1 ;

1
48π

(Mpl/M1)2 for T in
BH < M1 .

(48)

Figure 11. The dark green, orange and blue coloured regions are excluded from DM overproduction

due to different choices of DM asymmetry (left panel) and RHN mass (right panel) shown by

different colours. In the right panel we have chosen ε∆χ = 10−10. The gray shaded regions are

disallowed from CMB, BBN and warm DM limit, while the cyan band (left) is where non-thermal

leptogenesis from PBH is allowed for M1 ' 1012 GeV (see text).

Note that the final DM asymmetry depends on the mass of RHN as expected. To match

the observed DM abundance ΩDMh
2 ' 0.12, the DM yield has to be fixed so that mDM Y0 =

ΩDMh
2 1
s0

ρc
h2
' 4.3 × 10−10 GeV, where ρc ' 1.1 × 10−5h2 GeV/cm3 is the critical energy

density and s0 ' 2.9 × 103 cm−3 is the entropy density at present [5]. Fig. 11 depicts the

allowed mass range for the DM obtained analytically using Eq. (48). In the left panel,

different regions shown by the green, orange and blue colours correspond to different choices
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of DM asymmetry ε∆χ, for the case where T in
BH > M1. All these regions correspond to

DM overabundance and hence discarded. Here we see larger asymmetry imposes tighter

constraint on the DM mass. This is expected since a larger asymmetry results in larger

asymmetric DM abundance as per Eq. (48). Hence slight increase in the DM mass results

in overabundance. The slight distortion in the large DM mass region is due to the change

in the number of light degrees of freedom around Tevap ' 150 MeV, i.e., around the time

of QCD phase transition. In the opposite limit T in
BH < M1, shown in the right panel, we

see a lighter RHN imposes tighter bound since ΩDM ∝ 1/M2
1 for a fixed CP asymmetry

ε∆χ = 10−10.

In order not to spoil the structure formation, a fermion DM candidate which is part of the

thermal bath or produced from the thermal bath should have mass above a few keV in order

to give required free-streaming of DM as constrained from Lyman-α flux-power spectra [124–

126]. Such light DM of keV scale leads to a warm dark matter (WDM) scenario having free-

streaming length within that of cold and hot DM. If such light DM is also produced from

PBH evaporation, it leads to a potential hot component in total DM abundance, tightly

constrained by observations related to the CMB and baryon acoustic oscillation (BAO)

leading to an upper bound on the fraction of this hot component with respect to the total

DM, depending on the value of DM mass [127]. A conservative 10 % upper bound on such

hot dark matter (HDM) component [87] can lead to similar constraints on DM mass along

with PBH initial fraction. The requirement of producing right relic abundance, together

with these lower limits on the DM mass put tight constraint on the DM mass emitted by

the PBH. This is shown by the gray shaded regions in Fig. 11. We also show the window

of PBH mass in cyan where successful non-thermal leptogenesis from RHN emitted by PBH

is possible (Fig. 10) for M1 ' 1012 GeV. In the right panel we have chosen different masses

for the RHN, corresponding to which the allowed mass window for non-thermal leptogenesis

changes (maximum for M1 = 1012 GeV shown in orange) as denoted by different coloured

vertical bands. The upshot of Fig. 11 is that, it is possible to generate observed asymmetry

in visible sector, together with right relic abundance of asymmetric DM with ultralight PBH

and for DM mass & 10−5 GeV. The upper bound on the DM mass depends on the size of the

asymmetry generated within the dark sector, which depends also on the RHN mass scale.

Finally, it is also importance to note that a large initial abundance of PBHs increases the DM

capture rate and makes the DM under-abundant. However, this is found to be significant

31



only for superheavy DM with mass ∼ 108 GeV (for fermion) and β & 10−4 [87, 101].

C. Results and Discussions

In order to compute the asymmetries we will now perform a full numerical analysis

considering a set of coupled BEQs accounting for the energy and number densities of different

components. We focus on the production of the observed baryon asymmetry via non-thermal

leptogenesis, together with the correct relic abundance for the asymmetric DM. Thus, we

track the evolution of the comoving number densities of the RHN, PBH, lepton and DM

asymmetries and the radiation energy density via their coupled BEQs. What is crucial here is

the fact that since the PBHs are assumed to be produced during the radiation dominated era,

hence thermal contribution to leptogenesis can not be overlooked. The evolution equation

for PBH mass, energy densities and bath temperature10 in presence of PBH reads [68, 98]

dmBH

dξ
= − κ

ξH ε(mBH)

(
1g

mBH

)2

,

dρ̃R
dξ

= −εSM(mBH)

ε(mBH)

ξ

mBH

dmBH

dξ
ρ̃BH ,

dρ̃BH

dξ
=

1

mBH

dmBH

dξ
ρ̃BH ,

dT

dξ
= −T

∆

[
1

ξ
+
εSM(mBH)

ε(mBH)

1

mBH

dmBH

dξ

g?(T )

g?s(T )
ξ
ρ̃BH
4 ρ̃R

]
,

(49)

where

∆ = 1 +
T

3 g?s(T )

dg?s(T )

dT
, (50)

takes care of the variation of the total number of DOFs with temperature and ξ = a/aI (with

aI = 1) as defined earlier. The evaporation function ε(min) is taken from [86, 105]. The

coupled BEQs for the evolution of the RHN number density, DM and lepton asymmetries,

on the other hand, are given by [68, 98]

10In principle, the BEQ for radiation should also contain the contribution from RHN decay into the thermal,

but such contributions are negligible compared to the PBH contribution and can be ignored.
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aHdñ
T
N1

dξ
= −

(
ñTN1
− ñeq

N1

)
ΓTN1

,

aHdñ
BH
N1

dξ
= −ñBH

N1
ΓBH
N1

+ ΓBH→N1

ρ̃BH

mBH

,

aHdÑB−L

dξ
= ε∆L

[(
ñTN1
− ñeq

N1

)
ΓTN1

+ ñBH
N1

ΓBH
N1

]
− BrSMW ÑB−L ,

aHdX
dξ

= ε∆χ

[(
ñTN1
− ñeq

N1

)
ΓTN1

+ ñBH
N1

ΓBH
N1

]
− BrDMW X ,

(51)

where all ñN1 ’s are comoving number densities of N1 produced from the bath (denoted by

superscript T ) and PBH (denoted by superscript BH) and Br stands for the branching ratio of

RHN into leptons (denoted by subscript SM) and DM (denoted by subscript DM). Similarly

ÑB−L, X are comoving densities of B − L and dark sector asymmetries respectively. Here

we would like to mention that the RHNs produced from PBH evaporation never come into

thermal equilibrium with the SM bath. In order to ensure that, we computed the thermally

averaged cross-section for scattering of RHNs produced from the PBH evaporation against

the bath particles, e.g., N1`→ N1` following the prescription in [122] (the detailed derivation

is given in Appendix. B), and compared the corresponding rate with the Hubble rate. We

found that for T ' Tevap, the RHN interaction rate is several orders of magnitude less

than the Hubble expansion rate, typically neq 〈σv〉/H . 10−7. This shows that the RHNs

produced from PBH are genuinely non-thermal. The thermally averaged decay rate of N1

is denoted by ΓTN1
and ñeq

N1
is the equilibrium number density. The Hubble parameter H

entering in the Boltzmann equations is given by

H =

√
8π

3M2
pl

ρ̃BH aI ξ + ρ̃R
a4
I ξ

4
, (52)

and ΓBH→N1 is the non-thermal production term for N1 (originating from PBH evaporation)

and can be written as [98, 105]

ΓBH→N1 =

∫ ∞
0

d2N
dp dt

dp ' 27TBH

32π2

(
−zBH Li2(−e−zBH)− Li3(−e−zBH)

)
, (53)

where Lis(z) are the poly-logarithm functions of order s and zBH = M1/TBH. ΓBH
1 is the

decay width corrected by an average time dilation factor [98]
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ΓBH
N1

=

〈
M1

E1

〉
BH

Γ1 ≈
K1 (M1/TBH)

K2 (M1/TBH)
Γ1 , (54)

where K1,2[...] are the modified Bessel functions of second kind and the thermal average is

obtained assuming that the Hawking spectrum has a Maxwell-Boltzmann form, while Γ1 is

the RHN decay width given by Eq. (9). Finally, the washout factor W reads [70]

W =
1

4
ΓTN1

K2 (z) z2 , (55)

where z ≡ M1/T and we are ignoring the flavour effects as well as the scattering processes

leading to washouts. The generation of lepton asymmetry has thermal and non-thermal

sources stemming from the plasma and PBH evanescence respectively. On the other hand,

DM can be present in the thermal bath while its asymmetric component arises from RHN

decay and eventually only the asymmetric component survives. From Fig. 10 we have already

realized that non-thermal leptogenesis from PBH necessarily requires ultralight PBH with

M1 & 1012 GeV. On the other hand, it is clear from the right panel of Fig. 9, for very light

PBHs to dominate the energy density, the initial energy fraction of PBH density should be

much higher. Hence, a long period of PBH domination is preferred for purely non-thermal

leptogenesis from PBH [99]. Otherwise, the asymmetry production will be dominated by

thermally generated RHNs with PBH leading to subsequent entropy dilution only [68, 98].

For N2 leptogenesis, one can as well get an enhancement of asymmetry in the presence

of PBH compared to the usual thermal case [68]. However, we restrict ourselves to N1

leptogenesis only and consider the production to be dominant from non-thermal RHNs

produced from PBH evaporation. In the rest of the analysis we will thus restrict the RHN

mass to be M1 = 1012 GeV unless otherwise specified. We will first look at the impact of

having PBHs on the energy densities and the yield of the asymmetries in visible and dark

sectors. For this we consider some benchmark masses of the PBH in 1-100 g range falling

in the allowed region of Fig. 10. We also fix the N1−DM Yukawa coupling yχ = 0.1 that

determines the asymmetry in dark sector.

The top left panel of Fig. 12 shows the evolution of radiation (orange) and PBH (black)

energy densities with scale factor for PBH mass of 1 g. Here we see with time the PBH

energy density rises compared to that of radiation (as ρBH ∼ a−3) and at around ξ ∼ 103 the

34



Figure 12. Energy density (left column), temperature of thermal bath (middle column) and yield

of asymmetries (right column) as a function of scale factor for a three different choices of PBH

mass and for a fixed RHN mass as mentioned in the plot label. In all cases we have considered

PBH domination by considering β = 10−3, M1 = 1012 GeV and yχ = 10−1 . The black dashed

vertical line in each case denotes the PBH evaporation time.

PBH energy density overtakes the radiation density. This corresponds to a bath temperature

T ∼ 1012 GeV that can be read off from the adjacent panel on the right. Slightly beyond

this point, the energy density in PBH shows a plateau. This plateau region gets broadened

as the PBH mass increases (middle and bottom left panels) since a larger mass corresponds

to a smaller evaporation temperature (Eq. (33)). As a result, for ultralight masses, PBH

domination era gets over earlier. The PBH dominated era ends11 at ξ ∼ 106 for upper

left panel plot where we see the black curve falls sharply. As the PBH evaporation dumps

a huge amount of entropy into the thermal plasma, the plasma temperature shows a rise

11PBH evaporation process, which is effectively instantaneous in sudden reheating approximation, transforms

large density fluctuations into radiation and yields large pressure waves [128, 129].
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Figure 13. Evolution of the yield of asymmetries for three scenarios : (i) purely thermal, (ii) only

non-thermal contribution from PBH and (iii) both thermal as well as non-thermal contributions.

Here, β = 10−3, M1 = 1012 GeV and yχ = 10−1. The left panel represents a lighter PBH mass of

10 g, whereas the right panel shows the evolution for a higher PBH mass of 100 g.

as one can notice from the kink in the red curve of upper middle panel plot. As the

PBH mass increases, evaporation takes place at a later epoch, hence the kink in the red

curve also shifts to a smaller temperatures as one can see from the lower middle panel

plots. Plots shown in extreme right columns of Fig. 12 depict the evolution of yield of

the asymmetries. The asymmetries in both the sectors evolve identically because of the

same source. The asymmetries first increase because of the thermal contribution, and then

diminish for the washout effect due to the inverse decay of thermal RHNs. Afterwards, they

remain unchanged till the time the production of non-thermal RHN from PBH overtakes the

thermal contribution. Then during the period of PBH evaporation dilution effect becomes

significant (depending on the PBH mass) because of entropy injection in the thermal bath.

Finally, the asymmetries saturate once the PBH is completely evaporated. The effect of

entropy injection becomes more prominent for comparatively massive PBH as the period

of evaporation becomes longer. For better understanding of the asymmetry evolution, in

Fig. 13, we compare three scenarios where the baryon asymmetry results from the decay

of (i) only thermal RHN (dashed line) in the absence of PBH, (ii) only non-thermal RHN

produced from PBH (dotted line) and (iii) both thermal as well as non-thermal RHN (solid

line) for two different PBH masses. These plots clearly show the difference in the yield of

baryon asymmetry for these three cases. For the lighter PBH mass as shown in the left
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panel of Fig. 13, one finds that even after the entropy injection due to the PBH evaporation,

the final baryon asymmetry remains larger than the one obtained in the scenario with no

PBH12. On the other hand, for a heavier PBH as shown in the right panel of Fig. 13, one

expects a relatively larger entropy injection resulting in a larger dilution of the final baryon

asymmetry, making it lesser in comparison to the one produced in thermal leptogenesis.

Since asymmetries in dark and visible sectors evolve similarly, one can also expect that for

lighter PBH masses, the asymmetric DM production will be more compared to a purely

thermal scenario discussed in earlier works.

Figure 14. Left panel: Parameter space satisfying observed DM abundance in the bi-dimensional

plane of yχ−mχ, where the colour coding is done with respect to YB. Right panel: Points satisfying

both observed relic abundance and baryon asymmetry in yχ − mχ plane, where the colour code

shows variation of PBH mass. We have considered β = 8× 10−3 to ensure PBH domination.

In Fig. 14 we have illustrated the viable parameter space where asymmetric DM relic

abundance and observed baryon asymmetry can be produced entirely from RHNs emitted

due to PBH evaporation by solving the set of BEQs numerically. We have performed a scan

over the following parameters

mχ : {1− 105} GeV; mBH : {1− 12} g; yχ : {10−4 − 10−1} , (56)

12For comparatively lighter RHN, the effect of PBH on the final asymmetry is negligible [99], however to

ensure non-thermal production we stick to M1 & 1011 GeV following Fig. 10.
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by keeping M1 = 1012 = M2/50 GeV and β = 8×10−3 to be fixed to ensure PBH domination

as discussed before. The Dirac Yukawa coupling of neutrinos get fixed via Casas-Ibarra

parametrisation mentioned earlier, after using the best-fit values of light neutrino parameters

[6]. In the left panel of Fig. 14, we show the allowed parameter space giving correct ADM

abundance in yχ−mχ plane while the colour code denotes the baryon asymmetry generated.

As can be seen from this plot, for heavier DM mass, one requires smaller Yukawa coupling

yχ. This is because heavier DM requires smaller dark asymmetry ε∆χ and hence smaller yχ

to generate correct relic abundance, following Eq. (48). The parameter space gets broadened

as the PBH mass keeps varying. The right panel shows, to satisfy the right ADM relic along

with observed baryon asymmetry via non-thermal leptogenesis, one has to necessarily rely

on ultralight PBH which we have already realized from Fig. 10 and 11. The fact that heavier

PBH mass requires heavier DM mass and hence smaller Yukawa yχ to get smaller ε∆χ, can

also be understood from Fig. 11 based on approximate analysis. The results of complete

numerical analysis also matches with this pattern as seen from the right panel plot of Fig. 14.

V. POSSIBLE UV COMPLETION OF THE DARK SECTOR

In the minimal setup discussed above, we have considered the dark sector to be composed

of a Dirac fermion χ and a singlet scalar assuming them to be odd under a Z2 symmetry.

The singlet scalar, being heavier than DM χ, can decay into DM and SM particles. Thus,

the only renormalisable interaction of DM χ is via RHN portal. The same RHN decays

eventually produce the asymmetry in dark sector. Since the final relic abundance of DM is

dictated by the asymmetric component only, it is important to make sure that the symmetric

part annihilates away sufficiently in the early universe. This demands some new interactions

of the DM as the RHN portal interaction is not strong enough to ensure that, specially when

both RHN and the singlet scalar are both heavier compared to DM.

The simplest UV completion for dark sector is a dark Abelian gauge symmetry U(1)D

under which DM χ and the singlet scalar S have equal and opposite charges, assumed to be

±1 for simplicity. The relevant dark sector Lagrangian can be written as

LDM ⊃ i χ γµ Dµ χ+
ε

2
BαβYαβ , (57)

where Dµ = ∂µ + igDZ
′
µ is the covariant derivative and Bαβ, Yαβ are the field strength
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tensors of U(1)D, U(1)Y respectively with ε being the kinetic mixing between them. Since

the singlet scalar can have sizeable quartic interactions with SM Higgs, it can be produced

in equilibrium, and can also bring DM into equilibrium with the SM bath for the choices of

Yukawa couplings yχ discussed before. Additionally, for sizeable kinetic mixing (ε ≥ 10−5)13,

the DM can be in thermal equilibrium with the SM bath in the early universe via gauge

portal interactions. Now, assuming a light Z ′, DM and anti-DM can preferentially pair-

annihilate into Z ′ pairs with a cross-section

〈σv〉 ∼ πα2
D

m2
χ

(58)

where αD = g2
D/(4π). Since DM cross-section can not violate the unitarity bound [131],

one gets an upper bound on its mass around 105 GeV so that the symmetric part can be

annihilated away. One can also obtain a lower bound on ADM mass of around a few keV,

from the requirement of perturbative unitarity of Yukawa couplings. We have already noticed

that lighter DM requires sizeable Yukawa coupling yχ in order to create a large asymmetry.

It can be checked that for DM mass below a few keV, this Yukawa coupling will become

non-perturbative. Coincidentally, this bound on DM mass is also similar to the lower bound

we have in PBH scenario so that the hot DM component is restricted within 10% for large

PBH initial fraction β. One can put a more conservative lower bound on such DM from

the requirement that the symmetric component annihilates away before the onset of BBN,

in order not to inject late time entropies due to release of Z ′ and their subsequent decays

into light SM degrees of freedom. Therefore, DM mass of a GeV or heavier should be safe

from such restrictions. While similar bounds exist in asymmetric DM scenarios in general

(without inflation or PBH), here we have extended such scenarios to realise non-thermal

origin of asymmetries aided by inflaton and PBH.

The U(1)D sector not only ensures the annihilation of symmetric DM part, but also lead

to a stable DM candidate without requiring additional discrete symmetries, depending on

the charge assignments. It also forbids the Majorana mass term of χ keeping it Dirac with

a conserved quantum number. While we did not discuss the origin of Z ′ mass, it can be

done either by spontaneous symmetry breaking or the Stueckelberg mechanism [132] without

affecting rest of the discussions. Depending upon the gauge kinetic mixing, DM can also

show up in direct detection experiments. In addition, for light mediator Z ′, one can also

13For a recent review on kinetic mixing bounds see [130].
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realise the scenario of self-interacting dark matter (see, for example, [133, 134]) motivated

from small-scale structure issues of ordinary cold DM14. To add to the complementarity,

such dark U(1)D gauge symmetry can also lead to a first order phase transition in the early

universe with observational consequences [138–144].

VI. CONCLUSION

Asymmetric dark matter (DM) has been a well-studied framework motivated from ex-

plaining the baryon-DM coincidence problem dynamically. While the minimal frameworks

to realise such possibility considers a heavy particle present in the thermal bath whose CP

violating decays into visible and dark sectors generate the respective asymmetries, we con-

sider the possibility of non-thermal origin of these asymmetries. In order to keep it minimal

and also to connect to the origin of light neutrino masses, we consider the extension of Type-

I seesaw model with dark sector particles [35] so that the lightest right handed neutrino can

play the role of creating the dark and visible sector asymmetries. The DM is assumed to

be a singlet Dirac fermion χ which couples to the right handed neutrinos (RHNs) through

another scalar singlet S. While the interaction of the RHNs with the SM Higgs and leptons

is responsible for generating the neutrino mass via Type-I seesaw mechanism, its simulta-

neous decay to the visible and the dark sector generates asymmetries in both the sectors.

A fraction of lepton asymmetry is converted to baryon asymmetry via sphaleron transition,

while the asymmetric component of χ survives and accounts for the observed DM relic.

While thermal cogenesis has been discussed extensively in the literature, we consider the

possibility of non-thermal RHNs by invoking the presence of additional sources. In the first

attempt, we consider an inflaton field in post slow-roll stage to be the source of RHNs. The

RHN subsequently decays not only to produce the dark and visible asymmetries, but leads

to a brief reheating period of the universe as well. We consider the inflaton to couple only

to the RHNs, while being agnostic about the details of inflaton potential and other interac-

tions. We numerically solve a set of coupled Boltzmann equations to find the abundance of

dark, visible sectors along with the reheat temperature of the universe. While a wide range

of DM mass remains allowed, the RHN-DM coupling yχ is practically a free parameter and

tuned accordingly to obtain the right relic density. The RHN-SM couplings are determined

14Some recent works in the direction of self-interacting DM in U(1)D model can be found in [135–137].
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from the requirement of fitting light neutrino data. We choose the mass and couplings of

the inflaton and the RHNs in such a way that the non-thermal leptogenesis scenario remains

valid by requiring the RHN mass to be above the reheating temperature of the universe.

Thus, this scenario connects the cogenesis of dark and visible sector asymmetries to the

reheat temperature of the universe as the same non-thermal RHNs produced from inflaton

decay plays non-trivial role in reheating and cogenesis.

In the second scenario, we extend our prescription by considering a framework where the

RHNs are sourced from evaporating primordial black holes that are produced in the radiation

dominated era with a monochromatic mass spectrum. While RHNs can be produced from

the thermal bath as well, we show that the asymmetries produced from non-thermal RHNs

dominate over the thermal one, specially for lighter PBH masses. Keeping the parameter

space within such ballpark where non-thermal leptogenesis from PBH evaporation dominates

over the thermal contribution in generating the B−L asymmetry, we find that the observed

baryon asymmetry is obtainable only for ultralight PBH of mass . 15 g and RHN mass

M1 & 1011 GeV. Coincidentally, the same bound on the RHN mass scale is also obtained

for the inflaton case discussed before. PBH mass in such a ballpark necessarily requires a

prolonged period of PBH domination, typically requiring a large initial fraction β & 10−3.

Considering bounds from CMB, BBN and astrophysical constraints, we show that PBH

evaporation is also capable of producing required asymmetry in the dark sector leading to

correct relic abundance for asymmetric DM as massive as ∼ 105 GeV, depending on the

choice of the Yukawa coupling yχ.

Several complementary prospects of detection for asymmetric DM can be realised depend-

ing on the UV completion of the dark sector, which we have not investigated in this minimal

setup. In addition to the discovery potential for the particular particle physics framework,

the ultra-light PBH leading to early matter domination can itself have observational con-

sequences like emission of gravitational waves via Hawking radiation [145] or other ways

[88, 146, 147] which can have interesting detection prospects at both high and low frequency

GW experiments [148]. Another interesting future prospects could be to study a complete

framework for baryon DM cogenesis which incorporate the details of inflationary potential

or the origin of ultralight PBHs. We leave such interesting possibilities to future works.
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Appendix A: Light neutrino mass & Casas-Ibarra Parametrisation

The extension of the SM particle spectrum with singlet RHN allows us to write its Yukawa

interaction with the SM lepton doublet and Higgs (second term in Eq. (3)). As the neutral

component of the SM Higgs doublet acquires a VEV leading to the spontaneous breaking of

the SM gauge symmetry, neutrinos in the SM obtain a Dirac mass that can be written as

mD =
yN√

2
v. (A1)

The Dirac mass mD together with the RHN bare mass MN , can explain the nonzero light

neutrino masses with the help of Type-I seesaw [37, 39, 149]. Here, the light-neutrino masses

can be expressed as,

mν ' mT
D M−1 mD. (A2)

The mass eigenvalues and mixing are then obtained by diagonalising the light-neutrino

mass matrix as

mν = U∗md
νU † , (A3)

with md
ν = dia(m1,m2,m3) consisting of the mass eigenvalues and U being the Pontecorvo-

Maki-Nakagawa-Sakata matrix [6]15. The interesting aspect of leptogenesis lies in the fact

15The charged lepton mass matrix is considered to be diagonal.
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that the same Yukawa couplings involved in neutrino mass generation also play a non-trivial

role in determining the lepton asymmetry of the universe as they dictate the decay width of

RHNs into the SM leptons. In order to obtain a complex structure of the Yukawa coupling

which is essential from the perspective of leptogenesis, we use the well-known Casas-Ibarra

(CI) parametrisation [150]. Using this one can write the Yukawa coupling yN as,

yN =

√
2

v

√
M R

√
md
ν U † , (A4)

where R is a complex orthogonal matrix RTR = I, which we choose as

R =

0 cos z sin z

0 − sin z cos z

 , (A5)

where z = a+ib is a complex angle. The above structure of R can be justified by considering

two RHNs or considering the third RHN N3 to be very heavy and effectively decoupled from

the bath. In such a scenario our neutrino Yukawa matrix becomes of dimension 2× 3. Such

a scenario also predicts the lightest active neutrino to be exactly massless. The digonal light

neutrino mass matrix md
ν is calculable using the best fit values of solar and atmospheric

mass obtained from the latest neutrino oscillation data [6]. Now, the elements of Yukawa

coupling matrix yN for a specific value of z, can be obtained for different choices of the heavy

neutrino masses. For example, with M1 = 1012 GeV and {a, b} = {10−3, 10−2} we obtain

the following structure

yN =

 0.00913 − 0.00003i 0.01102 − 0.00052i −0.00884− 0.00059i

−0.00607− 0.01209i 0.05962 − 0.00024i 0.06772 + 0.00019i

 , (A6)

which satisfies the light neutrino mass, as well as produces desired CP asymmetry in the

visible sector, as we discuss below. The complex angle z can be chosen in a way that the

CP asymmetry is enhanced, while keeping the Yukawa couplings within perturbative limits.

Appendix B: Thermally-Averaged cross-section with different temperatures

We define the thermally averaged cross-section as
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〈σvmol〉 =

∫
σ vmol e

−E1/T1 e−E2/T2 d3p1 d
3p2∫

e−E1/T1 e−E2/T2 d3p1 d3p2

. (B1)

The momentum-space volume element is given by [151]

d3p1 d
3p2 = 4π p1 dE1 4π p2 dE2

1

2
d cos θ . (B2)

We then perform the following variable transformation:

ζ+ ≡
E1

T1

+
E2

T2

ζ− ≡
E1

T1

− E2

T2

s 'M2
1 + 2(E1E2 − p1 p2 cos θ) . (B3)

Using the Jacobian transformation

J =
1

2
det


T1 T1 0

T2 −T2 0

0 0 − 1
p1 p2

 =
T1 T2

4 p1 p2

, (B4)

the volume element turns out to be

d3p1 d
3p2 =

1

2
16π2 p1 p2E1E2 J dζ+ dζ− ds = 2π2E1E2 T1 T2 dζ+ dζ− ds . (B5)

Now, the viable integration region: E1 ≥ M1 , E2 ≥ M1 , | cos θ| ≤ 1 can be translated to

the integration limits on the new variables as

|cos θ| = M2
1 + 2E1E2 − s

2 p1 p2

=
2s− 2M2

1 + T1 T2 (ζ2
− − ζ2

+)

T2 (ζ− − ζ+)
√
T 2

1 (ζ+ + ζ−)2 − 4M2
1

=⇒
M2

1 T
2
2 ζ+ −

√
T2 (s−M2

1 )
2

[M2
1 (T1 − T2) + T1 (T1 T2 ζ2

+ − s)]
T2 [M2

1 (T2 − T1) + sT1]
≤ ζ−

≤
M2

1 T
2
2 ζ+ +

√
T2 (s−M2

1 )
2

[M2
1 (T1 − T2) + T1 (T1 T2 ζ2

+ − s)]
T2 [M2

1 (T2 − T1) + sT1]
, (B6)

where by demanding the expression inside the square root in the above equation to be real,

we obtain
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|ζ+| ≥
√
s T1 +M2

1 (T2 − T1)

T 2
1 T2

. (B7)

Now, the numerator of Eq. (B1) reads

∫
σvmol e

−ζ+ 2π2E1E2 T1 T2 dζ+ dζ− ds

= 2π2 T1 T2

∫ ∞
M2

1

ds

∫ ∞
ζmin
+

dζ+ σ

[
s

2

√
1− 2M2

1

s
+
M4

1

s2

]
G(s, ζ+ ...) e

−ζ+ , (B8)

where G(s, ζ+ ...) ≡ (ζmax
− − ζmin

− ) is obtained from Eq. (B6) and ζmin
+ comes from Eq. (B7).

The denominator can similarly be written as

∫
d3p1 d

3p2 e
−(E1/T1+E2/T2) = 32π2M2

1 T1 T
3
2K2

(
M1

T1

)
. (B9)

Therefore, the final expression turns out

〈σv〉 =
1

16M2
1 T

2
2

1

K2(M1/T1)

∫ ∞
M2

1

ds

∫ ∞
ζmin
+

dζ+ σ

[
s

2

√
1− 2M2

1

s
+
M4

1

s2

]
(ζmax
− − ζmin

− ) e−ζ+ ,

(B10)

where ζmin
+ can be obtained from Eq. (B7). We also verify that the above expression repro-

duces Eq.(B13) of Ref. [122] upon considering both the initial state particles to be massive

with degenerate masses.
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