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1. Introduction

The natural scale for asymmetric dark matter (ADM) [[] is around 5 GeV [Q], however, mass of
the ADM can be as low as a few keV in some models [B, B, B]. If there are light ADM particles, the
energy density of radiation at big bang nucleosynthesis (BBN) epoch could be changed [B, @, B].
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 Neg. By the simple estimation in the standard particle cosmology, we have N3¢ = 3
(more precisely, N3¢ = 3.046 [H]). The effective number of neutrino can be probed by its effect on
the CMB (Negr = 3.04 +0.18 (68% C.L.) [IM]) and the outcome of BBN (Negr = 3.71 7041 [B).

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 [, I2].

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:

(1) If an extra particle couples more strongly to the neutrinos Vv than to the photons y and elec-
trons e, I'yy ye < I'yy, 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,
Nege > 3 [[3, 4, I3, [4, I4].

(i1) On the contrary, if an extra particle couples more strongly to the electrons and photons
than to the neutrinos, I'yy y. > I'yy, 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, Nqg < 3 [[3, [4, I3, [4, 2, IF].

In this paper (this paper is based on Ref.[[d]), the known method to estimate the effective
number of neutrinos with light extra symmetric DM by Steigman in the indirect contribution case
[[3] 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 € = (n, —ny)/s. The number density n;,
energy density p;, pressure P; and entropy density s; of particle species i with mass m; in the
isotropic universe are obtained as follows [PO]:

| L[
n; = ﬁ s E(EZ_mi2)1/2fidE7 pi = 271:2/"1’ EZ(EZ_miz)l/ZfidE,
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with the distribution function

8i

fi= eEi—1)/T 1’ 22

where g;, E;, ll; and T; denote number of internal degrees of freedom, energy, chemical potential
and temperature, respectively. In the ADM scenarios, the ADM particle ) and its antiparticle }
have nonzero chemical potentials and the particle ¥ is not self-conjugate of the antiparticle }. 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 & = u, /T, is the so-called degeneracy parameter or the
pseudochemical potential. In the remaining part of this paper, we call & chemical potential simply.

2.2 Effective number of neutrinos

The energy density of relativistic particles is given by

Prad = Py + P + PpR, (2.3)

where py is the energy density of photons and P is the energy density of standard-model massless

neutrinos for N5\ neutrino families.
The energy density of extra radiation, dark radiation, is generally parametrized through the
number of extra effective neutrino species AN, as follows [H]

Tn?

PDR = ANy py = AN‘,@TJ‘. (2.4)
In terms of the following effective number neutrinos
Netr = N3+ ANy, 2.5)

the total energy density of radiation components is estimated to be

Tgv (Ty 4
14+ Negp==— [ — . 2.6
+ effggy<Ty) ]Py (2.6)

As we mentioned in the introduction, although the extra particles are not light enough to be a

Prad = Py+Neffpv =

dark radiation, its annihilation heats other particles via entropy conservation and changes the ratio
of (T,/ Ty) in Eq.(ZZ8). Consequently, the change of p.,q reflects to the enhance or the reduce of the
effective number of neutrinos Ne¢ even in the absence of dark radiation.

2.3 ADM and Neff

Symmetric DM case (i) I'yy . <I'yy: If the symmetric MeV DM y couples more strongly to
the neutrinos v than to the photons y and electrons e, e.g. I'yy y. < I'yy, 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
[@3]:

Ty g7+§e¢e 1+%¢e ’ ‘
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where g; denotes effective internal degrees of freedom of the particle i; §; = (7/8)-2-2 =17/2 for
the Dirac fermions, g; = (7/8)-2-1 = 7/4 for the Majorana fermions. Although we consider the
only fermionic Dirac type DM, we can also use §; = 1 for the scalar bosons and 3 for the vector
bosons with the bosonic distribution function. The function of ¢ denotes the normalized entropy
density

Sa (%)

s6(0)’

Oa(x) = (2.8)

where s%(x) is the net entropy density of particle species o with vanishing chemical potential:

pi+PF
T

(%) = Sa (Mo = 0) +5a(Ha = 0) = ¥ 2.9)

i=a,0

For e* pairs, ¢, is evaluated at x = x4y = m, /T4, while for the symmetric DM, ¢y is evaluated

at x = xyq = my/Tyq Where T,y 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 g,, we take g, = 1 in Eq.(Z2) through our calculations.
With the appropriate assumptions of 7,4, =2 MeV and ¢, = 0.993 [[J], we obtain

374/3 ~ 4/3
4
Neff:3[11 (?)] =3.018 <1+ g’f(p") : (2.10)
Y

4 21

The effective number of neutrinos is a function of the mass of symmetric MeV DM.

Symmetric DM case (ii) I'yy y. > I'yy:  On the other hand, if the symmetric MeV DM
couples more strongly to the electrons and photons than to the neutrinos, I'yy . > I'yy, its annihi-
lation heats the electron-photon plasma relative to the neutrino background. By the consideration
of entropy conservation, we have [[3]

3
(TV> & 2 @2.11)

I, B 8yt 8ePe + 8y 0y B 2+%¢e +§x¢17
and 43
1 /1\° 11 4/3
Neg=3|— [ = =3/ - . 2.12
& [4 (T,,) ] <10.95+2gx¢x> 212)

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
P — pin;

+
s;et(x’ ,ux) =Sy +SJ_C — Z Pi - ’
=77 l

(2.13)

instead of Eq.(Z9). The normalized entropy density of the ADM to be a function of not only x4
but also u, as follows:

net

x (xxdaﬂx)
S}a(oa“x)

S

Oy (Xya, ly) = (2.14)
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Figure 1: The dependence of the effective number of neutrinos Ncgr on the ADM mass my, MeV with the
various chemical potential § at BBN. The figure (a) shows the dependence in the case of I'yy, 5. < T’y while
the figure (b) shows the dependence in the case of I'yyy. > I'yy.

Other quantities in Eq.(Z7) and Eq.(E10), such as gy, ¢, remain the same.

The effective number of neutrinos with the MeV ADM is estimated in the same form of
Eq.(E1d) and Eq.(Z13). If the MeV ADM x couples more strongly to the neutrinos v than to
the photons y and electrons e~ (I'yy, 5. < I'yy), we obtain

48y 0y (Xyas y) > 3 (2.15)

= 3.018( 1
Netr 308<+ 21

while if the MeV ADM couples more strongly to the electrons and photons than to the neutrinos
(Tyy.pe > T'yv), we have

1 )4/3
10.95 4+ 23,0y (s i) )

Figure [ shows the dependence of the effective number of neutrinos Neg on the mass of the
ADM m,, with the various chemical potentials £ at BBN (7' = 2 MeV). The figure (a) shows the
dependence in the case of I'yy y, < I'yy while the figure (b) shows the dependence in the case of
Dyyae > Ty

The similar figure of Fig.ll has already reported by Nollett and Steigman for symmetric DM

Negr = 3 < (2.16)

[[8, T4] . The curves with nonvanishing chemical potential in Fig.ll are newly obtained in our
study. Compare with the symmetric DM case, the effective number of neutrinos Nefr increases
with the increasing asymmetry (chemical potential §) and with the decreasing mass m,, if ADM
particle mainly interacts to neutrinos (I'yy,ye << I'yy). On the contrary, Neg decreases with the
increasing & and with the decreasing m, if ADM particle mainly interacts to photons and electrons
(I'yy,xe > T'yv). Also, in the Nollett and Steigman papers for symmetric DM [, [], Nesr 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 g, = 1,7/4,2,7/2 for a real scalar, Majorana fermion,
complex scalar and Dirac fermion in Eqs(Z13) and (-I8). Thus, N 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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Figure 2: The dependence of the lower mass limit of the ADM m?i“ on the chemical potential & with the

various effective number of neutrinos Negr at BBN (7' = 2 MeV). The figure (a) shows the I'yy y. <I'yy case
while the figure (b) shows the I'yy y. > I'yy 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 € and chemical potential & grow. It
shows the smooth transition from asymmetric to the symmetric WIMP limit.

Fig.l shows the dependence of the lower mass limit of the ADM m?i“ on the chemical potential
& with the various bound of the effective number of neutrinos Neg at BBN. The figure (a) shows
the I'yy, yo < I'yy case while the figure (b) shows the I'yy y. > I'yy case. From Fig.D, the following

constraint on mgﬁn with Nggr is obtained:

i 8.1—-18.1MeV (NGF*=3.0-3.7) 2.17)
* 82—18.3MeV (NMin—25_30)
for I'yy ye < I'yy (upper) and I'yy, ,o > I'yy (lower) cases, more concretely,
mmin ~ 18.1 MeV (r‘x%xe < r‘xv,Ng;f?x = 30) (218)
x 183 MeV  (Tyyze > Tyy, NI = 3.0)

with the standard value of the effective number of neutrinos.

3. Summary

We have extended the known method by Steigman [[J] to obtain the constraints on the MeV
asymmetric dark matter with the effective number of neutrinos N at big bang nucleosynthesis.
If the MeV asymmetric dark matter couples more strongly to the neutrinos than to the photons
and electrons (I'yy, o < I'yy) or if the MeV asymmetric dark matter couples more strongly to the
electrons and photons than to the neutrinos (I'yyy. > I'yy), the constraint on m?m with Ngr 18
obtained as m?m ~ 18 MeV for N = 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) [, ). We can expect that the range of the



Asymmetric dark matter and effective number of neutrinos Yoshihiro KUROSAWA

asymmetric (as well as symmetric) MeV dark matter mass is so narrow to satisfy m, ~ 18 MeV in
the case of I'yy yo > Tyy or Iy e < Tyy.
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