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We introduce a novel generation mechanism of sterile neutrinos in the presence of a light coher-
ently oscillating scalar field. This field modulates the mass of sterile neutrino in the early Universe
providing non-trivial oscillation dynamics. In a region of model parameters oscillations between
active and sterile neutrinos are resonantly enhanced. This mechanism allows sterile neutrinos
with extremely small mixing to produce Dark Matter (DM) evading X-ray constraints. At the
same time the spectrum of produced particles is cooler than in case of ordinary non-resonant pro-
duction of sterile neutrinos, thus opening a window of lower masses which is otherwise forbidden
by structure formation constraints.
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1. Introduction

The nature of Dark Matter (DM) remains elusive so far. Sterile neutrino is a well-motivated
DM candidate. Such a particle appears in a minimal extension νMSM [1, 2] of the Standard Model
of particle physics (SM). If one sterile neutrino is light enough with mass O(1−100) keV it is stable
on cosmological time scales and hence can compose DM today [3]. This scenario is parametrised
by sterile neutrino Majorana bare mass M0 and mixing angle with the active neutrino in vacuum
θ0. The most relevant constraint arrives from two body decay N → νγ leading to strong X-ray
signal from DM dominated regions in the sky which imposes the upper bound on θ0 [4]. At the
same time producing the sufficient number of sterile neutrinos ΩN = ΩDM requires sizable mixing
θ0 according to conventional non-resonant production. The last constraint originates from the
investigation of cosmic structure formation which limits the velocity distribution of DM particles.
Such tests impose a significant constraint from below on its mass M. Thus, production of cold or
mildly warm DM particles is required.

In this letter we introduce a novel mechanism of sterile neutrino production operating in the
presence of a coherently oscillating scalar field in the early Universe. Oscillation dynamic in such
a system is non-trivial. The periodic crossing of the sterile neutrino Majorana mass M(t) = 0 can
lead to resonant effects in the active-sterile oscillations. This mechanism provides a cool spectrum
and allows us to produce all DM with extremely small mixing.

2. Induced parametric resonance

We study oscillations in two level system in the presence of the light scalar field φ

L = iν̄ /∂ν + iN̄ /∂N +
1
2
(∂µφ)2 +

m2
φ

2
φ

2 +(mDν̄N +
M0

2
N̄cN +

f
2

φ N̄cN +h.c.), (2.1)

where ν is an active SM neutrino and N is the right-handed sterile neutrino. Henceforth we always
assume M0�mD. At the present the scalar field is in its symmetric phase φ = 0, so diagonalisation
of the mass term in (2.1) leads to the present active-sterile mixing

θ0 ' mD/M0. (2.2)

The scalar field coherently oscillates in the early Universe, so its amplitude decreases with plasma
temperature as ∝ T 3/2. This induces the temperature dependent contribution to Majorana mass

M(t) = M0 +MA sinmφ t, MA ≡M0

(
g∗T 3

g∗,eT 3
e

)1/2

, (2.3)

where Te is the temperature when MA = M0. We note that the frequency of scalar field oscillations
mφ is much bigger than a Hubble rate H.

The coherent evolution of neutrino state of given momentum p (dimensionless conformal
quantity y≡ p/T is also used) is driven (in case of relativistic momentum p' 3T �M(t)) by

i
∂

∂ t
ρ = [H ,ρ]− i

2
{Γ,ρ−ρeq}. (2.4)
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Figure 1: Left: Resonant behaviour of transition probability for sterile state with n = 8. Relation between
M0 and p is defined by (2.5). Fast oscillation with rate M2

A/4p ≈ 8mφ , slower oscillations of frequency
mφ related to scalar field evolution and modulation by resonant frequency (2.6) are shown here. Right:
Fermi-Dirac fFD and sterile neutrino fN spectra.

where 2x2 density matrix ρ describes the dynamics of active and sterile neutrino states with prob-
ability densities ρ11 and ρ22, respectively. Here ρeq = diag( fFD(y), fFD(y)) is equilibrium Fermi-

Dirac distribution and Γ =

(
ΓA 0
0 0

)
is a damping term due to neutrino scattering in plasma. The

Hamiltonian of such a system reads

H =
∆0

2

(
−cos2θ sin2θ

sin2θ cos2θ

)
, where ∆0 =

∆m2

2p

with time-dependent oscillating parameters

∆m2 = M
√

M2 +4m2
D , tanθ = 2mD/(M+

√
M2 +4m2

D).

Evolution (2.4) for a given momentum pres provides resonant behaviour if typical frequency of
neutrino oscillation (properly averaged) is an integer multiplier of the frequency of the scalar field
oscillations mφ ,

M2
A +2M2

0
4pres

= nmφ , n ∈ Z. (2.5)

It can be shown [5] that in resonance (2.5) without scatterings, ΓA = 0, the oscillations between ν

and N proceed with maximum probability ρ22 ' sin2(ωrest/2) at frequency

ωres ' 1.4mφ

mD

MA
n1/3 cos

4M0

MA
n' 1.4mφ

mD

MA
n1/3, (2.6)

which is a good estimate for MA�M0. Numerically it works well until MA & 5M0.
Note that the chosen parameters resonant frequency (2.6) is much lower than other typical

scales of the theory, mφ and M2
A/4p. The width of this resonance appears to be narrow

∆pres

pres
'
√

2ωres

nmφ

' 2
n

mD

MA
� 1. (2.7)
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For resonant frequency (2.6) sterile neutrino state reaches equilibrium (Fermi-Dirac) distribu-
tion after typic time ω−1

res . However, expansion of the Universe leads to deviations of pres and MA

from their resonant values defined by (2.5) which eventually results in termination of resonance
evolution. Namely, if resonant band ∆yres = ∆pres/T moves through a given y faster than ω−1

res , the
resonance becomes too narrow and ineffective. This happens at high temperatures when

1
n

∆yres

yres

yres

ẏres
ωres =

1
n

ω2
res√

2mφ H
. 1, (2.8)

We address redshift effects in (2.4) properly and obtain the approximate sterile neutrino spec-
trum fN [5]

fN(y) =
fFD(y)√

1+0.12
( y

ys

)5
. (2.9)

where ys defines a sterile neutrino DM abundance today ΩDMρcrit = M02 4
11 T 3

0
∫

4πy2 fN(y)dy

ys ' 0.4(1 keV/M0)
2/5 . (2.10)

This spectrum is suppressed at high momenta as shown in Fig. 1.
The correct DM is achieved if the resonance becomes too narrow (2.8) while mode (2.10) is

passing through the resonance, leading to the final result for active-sterile mixing at present

θ0 ∼ 1.6×10−6
(

1 keV
M0

)3( g∗,s
10.75

)1/4( mφ

1 eV

)3/4
×
(

Te

5.6 MeV

)9/4

. (2.11)

The sterile neutrino DM of spectrum (2.9) is cool with average momentum 〈〈y〉〉 = 1.3. We
apply Ly-α constraint mNRP > 8 keV [4] leading to

M0 > 3.3 keV. (2.12)

3. Conclusion

We suggest a new generation mechanism of sterile neutrino DM in the early Universe. Oscil-
lations between active and sterile neutrinos can be resonantly-enhanced by oscillating background.
In resonant scenario conversions are effective even with small mixing. At the same time, produced
this way DM is cool which opens a window for lower masses consistent with structure formation.

The study of resonant production is supported by RSF grant 17-12-01547.
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