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COSMIC NEUTRINO FROM THE DECAY OF THE SCALARON DARK MATTER

The scalaron dark mater in F(R) gravity theory can decay into pairs of massive neutrino. We calculate the corresponding
decay width and the current neutrino abundance and spectrum in the universe. The obtained neutrino flux turns out to be very
small compared to the solar neutrino flux at Earth at similar energies.
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Introduction. The metric F(R) gravity model is described by the Lagrangian
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where M = 3x10'8 GeV is the reduced Planck mass, A is the cosmological constant, and R is the scalar curvature. The

constant m becomes the mass of the new degree of freedom — the scalaron. The scalaron can be a dark-matter candidate if
its mass lies in the range [1-4]
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44 meV<m<l1l2 MeV. 2
The upper bound is obtained from the consideration of production of electron-positron pairs in the Galactic Centre [1, 2],
while the lower bound is caused by the scalaron excitation during the electroweak phase transition [3, 4]. Minimal coupling
of the matter fields to F(R) gravity generates universal couplings of the scalaron to all massive particles, including neutrinos.
If the scalaron is sufficiently light, then it can decay only to photons and to light neutrinos. Scalaron decays into a pair of
photons were under consideration, e.g., in [1-4], with the resulting lifetime
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where a = 1/137 is the electromagnetic coupling constant.

According to modern experiments, at least two of the light neutrinos are massive, with the direct experimental upper
bound on the mass my < 0.8 eV [5]. Indirect cosmological bounds are even more stringent: 3 my < 0.12 eV [6]. On the other
hand, results on neutrino oscillations [7] give a lower bound on one of the massive light neutrinos my > 0.05 eV. If the
scalaron dark matter is heavier than neutrino, it can decay into a neutrino-antineutrino pair. In this paper, we calculate the
decay lifetime and the resulting cosmological abundance and spectrum of neutrinos from such decays.

The scalaron coupling to neutrinos and decay rate. As shown in detail in [3, 4], the scalaron interacts universally
with the fields of the Standard Model through its mixing with the Higgs boson. In particular the scalaron is coupled to
neutrino with a small Yukawa coupling A = my/M in accordance with the scalaron universal interaction with fermions (see [4]).
The scalaron in the neighbourhood of the minimum of its potential is described by a massive scalar ¢. Neutrinos (light as
well as heavy) in most of the neutrino extensions of the Standard Model are of Majorana type. Therefore, we can consider
the scalaron-neutrino coupling in the form
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Coupling (4) in the first order gives the total decay width into a neutrino pair:
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For 2my << m, this results in the lifetime with respect to such decays
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This should be compared with (3). Given the upper bound on the neutrino mass mv < 0.8 eV, one can observe that
decays into photons will dominate for all reasonable masses of the scalaron.

Spectrum of cosmological neutrinos. Let us now calculate the current spectrum of neutrinos that were radiated by the
scalaron through all the history of the expanding universe. Let f(p)dp be the comoving number density of the produced
neutrinos with comoving absolute momentum p in the interval dp. After neutrino with comoving momentum p are produced,
this quantity remains to be constant in the homogeneous universe. During neutrino production, the quantum states with
momenta p are populated according to the cosmological redshift. As the scale factor a of the universe expansion increases
by Aa, the comoving momentum interval Ap = p Aa/a becomes filled with particles, where p is the momentum in resonance
with the oscillating scalaron. We, therefore, have

Aa
f(p)Ap=f(p)p?- (7)
Dividing this by the corresponding time interval At and denoting by H the Hubble parameter, we then have
dn
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Here, nv is the total comoving number density of neutrinos, and ny is the comoving number density of the scalaron
particles, which is constant in time if their decays are neglected. This gives us the spectral distribution
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where Hp is the Hubble parameter at the time when neutrino with comoving momentum p is in resonance with the scalaron, i.e.,
when its energy E(p/a) = m/2 (we set the present scale factor ao = 1). From this last condition, we obtain
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where z is the cosmological redshift.
At the late time of the universe evolution, we have, approximately,

H=H,Q, (1+2) +Q, | (11)

where Omegas denote the standard cosmological density parameters for matter density and cosmological constant.
Substituting everything into (9), we obtain
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where py is the comoving energy density of the scalaron (equal to its current energy density).
For a reasonable simplicity, we will assume in what follows that 2my << m. In this case, expression (12) simplifies to
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Since the integral over p is convergent at the low-p end, the total number density of neutrino can be estimated as
A%p d A%p dx
~on. ) — =g | o cto -
(ARl p\/Qm(m/zp) +Q,  Oo " X\Q /X" +Q,
Using the relation Qa =1 — Qm, we obtain
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The second factor in this expression is approximately equal to unity for the established value of Qm = 0.29 [6]. We further
have
p, =2M?HFQ, (16)
hence
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where we have substituted the established values [6] for the ACDM model parameters Ho = 70 km/s Mpc and Q¢ = 0.24
(which is the dark-matter density parameter in our case). The spectral density (13) can then be written as

t(p)= i (18)
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with nv given by (17). This completes the determination of the spectral density of cosmological neutrinos obtained from the
scalaron decays. The normalised spectral distribution mf(p)/2n, for Qm = 0.29 is presented in Fig. 1.
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Fig. 1. Normalised spectral distribution mf(p)/2n, given by (18) for Qn, = 0.29
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Discussion. We have calculated the total decay width (5) of the scalaron of mass m into a pair of Majorana neutrinos
with mass mv. For typical realistic values of these parameters, this decay width is smaller compared to that of scalaron
decay into a pair of photons, so that the corresponding lifetime (6) is larger than (3). If the scalaron forms all of dark matter
in the universe, neutrinos are emitted continuously and their resulting spectral distribution is given by (12)—(18). The
spectrum is broadly distributed between p =0 and p = m/2 with peak around p = 0.3m (see Fig. 1). The flux of neutrinos
produced by the scalaron dark matter will be given by
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For comparison, typical solar neutrino fluxes at Earth in the range from eV to MeV are of the order 1-10% cm=2 s~1 eV~ [8].
Since the scalaron mass in this scenario is limited by (2), we are dealing with relatively low-energy neutrinos with a small
flux, hard to be detectable in the nearest future. The issue of neutrino emission from virialised dark-matter halos requires
separate investigation, but the smallness of the decay width (5) will also result in low intensity of the neutrino emission line.
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KOCMIYHI HEUTPUHO BIf PO3MNAQY CKANAPOHA IK TEMHOI MATEPII

TemHa mamepis y euznadi ckansipoHa F(R) epaeimauii moxe po3nadamuck Ha napu mMacueHux HelimpuHo. Mu o64ucnremo
8idnoeioHy wupuHy po3nady ma cy4yacHy KinbKicmb i cnekmp makux HelimpuHo y Bceceimi. OmpumaHuli momik HelimpuHo eu-
s1en1sieMbCs1 OyXKe MasluM MoPi8HSAHO 3 MOMOKOM COHSIYHUX HelimpUHO 6ins 3emi Ha mux camux eHepeisix.

Knro4yoei cnoea: MmodughikoeaHa epagimayis, meMHa Mmamepisi, HelimpuHo.
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