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1. Introduction

The natural scale for asymmetric dark matter (ADM) [1] is around 5 GeV [2], however, mass of
the ADM can be as low as a few keV in some models [3, 4, 5]. If there are light ADM particles, the
energy density of radiation at big bang nucleosynthesis (BBN) epoch could be changed [6, 7, 8].
The energy density of the relativistic particles at BBN (as well as at time of cosmic microwave
background (CMB) photons released) is usually expressed in terms of the effective number of
neutrinos Neff. By the simple estimation in the standard particle cosmology, we have Nstd

ν = 3
(more precisely, Nstd

ν = 3.046 [9]). The effective number of neutrino can be probed by its effect on
the CMB (Neff = 3.04±0.18 (68% C.L.) [10]) and the outcome of BBN (Neff = 3.71+0.47

−0.45 [6]).
The extra symmetric dark matter (DM) particles at BBN contribute to the effective number of

neutrinos in the following two cases:

1. Direct contribution case: If an extra particle is light enough, it is regarded as one of the
radiation components. This light particle has contributed directly to the effective number of
neutrinos as the so-called dark radiation [11, 12].

2. Indirect contribution case: Although the extra particles are not light enough to contribute
directly to the effective number of neutrinos, its annihilation heats other particles via entropy
transfer. Either increase or decrease of the effective number of neutrinos occurs as follows:

(i) If an extra particle couples more strongly to the neutrinos ν than to the photons γ and elec-
trons e−, Γχγ ,χe ≪ Γχν , its late time annihilation heats the neutrinos more than the photons.
Ultimately, this type of extra particle yields an excess of the effective number of neutrinos,
Neff > 3 [13, 14, 15, 16, 17].

(ii) On the contrary, if an extra particle couples more strongly to the electrons and photons
than to the neutrinos, Γχγ ,χe ≫ Γχν , its annihilation heats the electron-photon plasma relative
to the neutrino background, leading to a reduction in the effective number of neutrinos below
the standard model value, Neff < 3 [13, 14, 15, 16, 17, 18].

In this paper (this paper is based on Ref.[19]), the known method to estimate the effective
number of neutrinos with light extra symmetric DM by Steigman in the indirect contribution case
[15] is extended to the light asymmetric DM in a straightforward way. A lower limit on the ADM
mass is obtained.

2. Asymmetric dark matter and effective number of neutrinos

2.1 Asymmetry and chemical potential

The number asymmetry of ADM is obtained as ε = (nχ − nχ̄)/s. The number density ni,
energy density ρi, pressure Pi and entropy density si of particle species i with mass mi in the
isotropic universe are obtained as follows [20]:

ni =
1

2π2

∫ ∞

mi

E(E2 −m2
i )

1/2 fidE, ρi =
1

2π2

∫ ∞

mi

E2(E2 −m2
i )

1/2 fidE,

Pi =
1

6π2

∫ ∞

mi

(E2 −m2
i )

3/2 fidE, si =
ρi +Pi −µini

Ti
. (2.1)
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with the distribution function

fi =
gi

e(Ei−µi)/Ti +1
, (2.2)

where gi, Ei, µi and Ti denote number of internal degrees of freedom, energy, chemical potential
and temperature, respectively. In the ADM scenarios, the ADM particle χ and its antiparticle χ̄
have nonzero chemical potentials and the particle χ is not self-conjugate of the antiparticle χ̄ . To
study the dependence of the light ADM on the effective number neutrinos, we should take care of
the chemical potential of ADM. The ratio ξ = µχ/Tχ is the so-called degeneracy parameter or the
pseudochemical potential. In the remaining part of this paper, we call ξ chemical potential simply.

2.2 Effective number of neutrinos

The energy density of relativistic particles is given by

ρrad = ργ +ρstd
ν +ρDR, (2.3)

where ργ is the energy density of photons and ρstd
ν is the energy density of standard-model massless

neutrinos for Nstd
ν neutrino families.

The energy density of extra radiation, dark radiation, is generally parametrized through the
number of extra effective neutrino species ∆Nν as follows [8]

ρDR = ∆Nνρν = ∆Nν
7π2

120
T 4

ν . (2.4)

In terms of the following effective number neutrinos

Neff = Nstd
ν +∆Nν , (2.5)

the total energy density of radiation components is estimated to be

ρrad = ργ +Neffρν =

[
1+Neff

7
8

gν

gγ

(
Tν

Tγ

)4
]

ργ . (2.6)

As we mentioned in the introduction, although the extra particles are not light enough to be a
dark radiation, its annihilation heats other particles via entropy conservation and changes the ratio
of (Tν/Tγ) in Eq.(2.6). Consequently, the change of ρrad reflects to the enhance or the reduce of the
effective number of neutrinos Neff even in the absence of dark radiation.

2.3 ADM and Neff

Symmetric DM case (i) Γχγ ,χe ≪Γχν : If the symmetric MeV DM χ couples more strongly to
the neutrinos ν than to the photons γ and electrons e−, e.g. Γχγ ,χe ≪ Γχν , its late time annihilation
heats the neutrinos more than the photons while the annihilation of the e± pairs heats the photons
(but not the decoupled neutrinos). The ratio of neutrino to photon temperatures after both of the
e± and the symmetric MeV DM are obtained by consideration of entropy conservation as follows
[15]: (

Tν

Tγ

)3

=
gγ [1+(g̃χ/g̃ν)(ϕχ/ϕν)]

gγ + g̃eϕe
=

1+ 4
21 g̃χϕχ

1+ 7
4 ϕe

, (2.7)
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where g̃i denotes effective internal degrees of freedom of the particle i; g̃i = (7/8) ·2 ·2 = 7/2 for
the Dirac fermions, g̃i = (7/8) · 2 · 1 = 7/4 for the Majorana fermions. Although we consider the
only fermionic Dirac type DM, we can also use g̃i = 1 for the scalar bosons and 3 for the vector
bosons with the bosonic distribution function. The function of ϕ denotes the normalized entropy
density

ϕα(x) =
snet

α (x)
snet

α (0)
, (2.8)

where snet
α (x) is the net entropy density of particle species α with vanishing chemical potential:

snet
α (x) = sα(µα = 0)+ sᾱ(µᾱ = 0) = ∑

i=α,ᾱ

ρi +Pi

Ti
. (2.9)

For e± pairs, ϕe is evaluated at x = xed = me/Tνd , while for the symmetric DM, ϕχ is evaluated
at x = xχd = mχ/Tνd where Tνd denotes the decoupling temperature of neutrinos. Because the
difference between Majorana or Dirac nature of symmetric MeV DM is taken into account by the
effective internal degrees of freedom g̃χ , we take gχ = 1 in Eq.(2.2) through our calculations.

With the appropriate assumptions of Tνd = 2 MeV and ϕe = 0.993 [15], we obtain

Neff = 3

[
11
4

(
Tν

Tγ

)3
]4/3

= 3.018
(

1+
4g̃χϕχ

21

)4/3

. (2.10)

The effective number of neutrinos is a function of the mass of symmetric MeV DM.
Symmetric DM case (ii) Γχγ ,χe ≫ Γχν : On the other hand, if the symmetric MeV DM

couples more strongly to the electrons and photons than to the neutrinos, Γχγ ,χe ≫ Γχν , its annihi-
lation heats the electron-photon plasma relative to the neutrino background. By the consideration
of entropy conservation, we have [15](

Tν

Tγ

)3

=
gγ

gγ + g̃eϕe + g̃χϕχ
=

2
2+ 7

2 ϕe + g̃χϕχ
, (2.11)

and

Neff = 3

[
11
4

(
Tν

Tγ

)3
]4/3

= 3
(

11
10.95+2g̃χϕχ

)4/3

. (2.12)

ADM case: To take care of the chemical potential of the ADM for the entropy calculations,
we use the following net entropy density of the ADM

snet
χ (x,µχ) = sχ + sχ̄ = ∑

i=χ ,χ̄

ρi +Pi −µini

Ti
, (2.13)

instead of Eq.(2.9). The normalized entropy density of the ADM to be a function of not only xχd

but also µχ as follows:

ϕχ(xχd ,µχ) =
snet

χ (xχd ,µχ)

snet
χ (0,µχ)

. (2.14)
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(a) Γχγ,χe << Γχν
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(b) Γχγ,χe >> Γχν
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Figure 1: The dependence of the effective number of neutrinos Neff on the ADM mass mχ MeV with the
various chemical potential ξ at BBN. The figure (a) shows the dependence in the case of Γχγ ,χe ≪ Γχν while
the figure (b) shows the dependence in the case of Γχγ ,χe ≫ Γχν .

Other quantities in Eq.(2.7) and Eq.(2.11), such as g̃χ ,ϕe, remain the same.
The effective number of neutrinos with the MeV ADM is estimated in the same form of

Eq.(2.10) and Eq.(2.12). If the MeV ADM χ couples more strongly to the neutrinos ν than to
the photons γ and electrons e− (Γχγ ,χe ≪ Γχν ), we obtain

Neff = 3.018
(

1+
4g̃χϕχ(xχd ,µχ)

21

)4/3

, (2.15)

while if the MeV ADM couples more strongly to the electrons and photons than to the neutrinos
(Γχγ ,χe ≫ Γχν ), we have

Neff = 3
(

11
10.95+2g̃χϕχ(xχd ,µχ)

)4/3

. (2.16)

Figure 1 shows the dependence of the effective number of neutrinos Neff on the mass of the
ADM mχ with the various chemical potentials ξ at BBN (T = 2 MeV). The figure (a) shows the
dependence in the case of Γχγ ,χe ≪ Γχν while the figure (b) shows the dependence in the case of
Γχγ ,χe ≫ Γχν .

The similar figure of Fig.1 has already reported by Nollett and Steigman for symmetric DM
[16, 17] . The curves with nonvanishing chemical potential in Fig.1 are newly obtained in our
study. Compare with the symmetric DM case, the effective number of neutrinos Neff increases
with the increasing asymmetry (chemical potential ξ ) and with the decreasing mass mχ if ADM
particle mainly interacts to neutrinos (Γχγ ,χe ≪ Γχν ). On the contrary, Neff decreases with the
increasing ξ and with the decreasing mχ if ADM particle mainly interacts to photons and electrons
(Γχγ ,χe ≫ Γχν ). Also, in the Nollett and Steigman papers for symmetric DM [16, 17], Neff depends
on the nature of the quantum statistics of thermal relic (i.e., fermion or boson). We can take the
effective internal degrees of freedom as g̃χ = 1,7/4,2,7/2 for a real scalar, Majorana fermion,
complex scalar and Dirac fermion in Eqs(2.15) and (2.16). Thus, Neff depends on the difference of
the nature of the thermal relic not only in the symmetric DM case but also in the ADM case.
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(a) Γχγ,χe << Γχν
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Figure 2: The dependence of the lower mass limit of the ADM mmin
χ on the chemical potential ξ with the

various effective number of neutrinos Neff at BBN (T = 2 MeV). The figure (a) shows the Γχγ ,χe ≪ Γχν case
while the figure (b) shows the Γχγ ,χe ≫ Γχν case.

The lower mass limit is obtained with the upper bound or lower bound on the effective number
of neutrinos. The lower bound on the ADM mass is the case when the asymmetry and chemical
potential are small. The bound gets stronger as asymmetry ε and chemical potential ξ grow. It
shows the smooth transition from asymmetric to the symmetric WIMP limit.

Fig.2 shows the dependence of the lower mass limit of the ADM mmin
χ on the chemical potential

ξ with the various bound of the effective number of neutrinos Neff at BBN. The figure (a) shows
the Γχγ ,χe ≪ Γχν case while the figure (b) shows the Γχγ ,χe ≫ Γχν case. From Fig.2, the following
constraint on mmin

χ with Neff is obtained:

mmin
χ ≃

{
8.1−18.1 MeV (Nmax

eff = 3.0−3.7)

8.2−18.3 MeV (Nmin
eff = 2.5−3.0)

(2.17)

for Γχγ ,χe ≪ Γχν (upper) and Γχγ ,χe ≫ Γχν (lower) cases, more concretely,

mmin
χ ≃

{
18.1 MeV (Γχγ ,χe ≪ Γχν ,Nmax

eff = 3.0)

18.3 MeV (Γχγ ,χe ≫ Γχν ,Nmin
eff = 3.0)

(2.18)

with the standard value of the effective number of neutrinos.

3. Summary

We have extended the known method by Steigman [15] to obtain the constraints on the MeV
asymmetric dark matter with the effective number of neutrinos Neff at big bang nucleosynthesis.
If the MeV asymmetric dark matter couples more strongly to the neutrinos than to the photons
and electrons (Γχγ ,χe ≪ Γχν ) or if the MeV asymmetric dark matter couples more strongly to the
electrons and photons than to the neutrinos (Γχγ ,χe ≫ Γχν ), the constraint on mmin

χ with Neff is
obtained as mmin

χ ≃ 18 MeV for Neff = 3.0.
From the galactic 511 keV gamma-ray line observation, the symmetric dark matter mass may

be less than about a few 10 MeV (or a few MeV) [21, 22]. We can expect that the range of the
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asymmetric (as well as symmetric) MeV dark matter mass is so narrow to satisfy mχ ≃ 18 MeV in
the case of Γχγ ,χe ≫ Γχν or Γχγ ,χe ≪ Γχν .
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