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The cosmological effect of sterile neutrinos is estimated in a study of
the average behavior of the ACDM universe. Dark matter is assumed to
be composed of neutralinos and it is argued that dark energy may result
from conformal variations of the metric. The eventual presence of sterile
neutrinos does not noticeably change the evolution of the universe and
we find that their density at primordial nucleosynthesis is consistent with
predictions when the sterile neutrinos are in temperature equilibrium with
the rest of the universe at the end of inflation.
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1. Introduction

We investigate the evolution of neutrinos and the effect of the neutrino
character (Majorana or Dirac) on the global evolution of the standard ho-
mogeneous and isotropic perfect fluid universe. Our calculation starts at
the end of the epoch of inflation which left the universe in a homogeneously
thermalized state. As we are interested in average properties, neither the
impact of structure formation nor the details of the primordial nucleosyn-
thesis are taken into account. Dark matter of only one type is assumed and
the chemical potentials of the various particle species can be considered neg-
ligible [1]. Observations [2]| indicate that the universe contains about 72%
dark energy, 23% dark matter and 5% baryonic matter.

The question whether neutrinos are their own antiparticles (of Majorana
type) or not (of Dirac type) is not settled yet and we concentrate on the con-
sequences of these two hypotheses. When the temperature of the universe
decreases during expansion, Majorana neutrinos decouple at a temperature
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Tp, when their interaction rate with electrons becomes too low for equilib-
rium to be maintained [3]. However, they continue sharing the temperature
of radiation until the temperature drops to the e™e™ annihilation threshold,
when only the photons absorb the eTe™ annihilation energy and not the
neutrinos. Thereafter, the photon temperature is higher than the neutrino
temperature.

In the case of Dirac neutrinos, one needs to take into account that only
left-handed (“active”) neutrinos are observed in experiments. The additional
right-handed neutrino states should be considered sterile. Whereas the ac-
tive neutrinos have the same number of degrees of freedom as in the Majo-
rana case (denoted by the index v in Table I below), the sterile neutrinos
(index s) are not coupled to the rest of the universe at all, exhibiting a mere
Ts o< ¢~ dependence, with ¢ the scale factor (see below).

Turning our attention to dark energy next, one possible theoretical ap-
proach to explain the origin of the observed [2, 4-7| dark energy component
(cosmological constant) considers quantum fluctuations of the metric as [8, 9]
9w = (1+¢)2Guw, where gy, is the classical metric about which the fluctua-
tions represented by the scalar field ¢ occur. The Einstein equation derived
from the Hilbert action without' a cosmological constant changes due to the
presence of the fluctuations and does contain now a cosmological constant
term [9] with a value consistent with observations, (units h =c = 1)

A=— (R + &rGTwM) /4, (1)

where R is the scalar curvature and the bars refer to the classical expressions
without fluctuations. The stress-energy tensor for a perfect fluid universe is

TH = (p+ P)utu’ — Pgh” (2)

where p is the energy density and P the pressure. With (2), we verify that
the cosmological term (1) is indeed a constant [11].

In our calculation [12]| of the thermal evolution of the universe, we use
the usual Friedmann—Lemaitre-Robertson—-Walker metric

ds® = dt* — q(t)* [dr®/ (1 — kr®) + r? (d6? + sin® 0d¢?)] | (3)

where ¢(t) is the scale factor and k the curvature of space. The expanding
universe is described by Friedmann’s equation

3(°+k)/¢* — A =8rGp. (4)

! The same A is obtained even if starting from a Hilbert action with a cosmological
constant, which then cancels in the procedure [10].
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It is customary to divide the density by the critical density p. = 3HZ/87G
(Hy being the Hubble constant) and the density parameter 2 = p/p. is
composed of matter {2y, (baryonic {2, and cold dark matter 2.) and radiation
{2, containig all ultrarelativistic species. Similarly, the cosmological constant
and curvature can be expressed as density parameters 24 = A/ 3Hg and
O, = —k/q(t)*H. Energy conservation

pi = —3(pi + P;)q/q (5)

can be written independently for each component 7 in the time intervals when
no significant conversion between components takes place. We can then use
the equations of state [1] w; = P;/p; to integrate the energy conservation
equation and relate the density parameters with the scale factor for radiation
(index 7) and for non-relativistic matter (dust, index m):

wr=1/3, QT‘OCq_4’ Trocq_l; wm =0, _Qmo(q_s, Tmocq_2.

(6)

2. Modelling the densities and temperatures

The density of ultrarelativistic species is [13]

T > +ZZ T4=7T—2N(T)T4 (7)
0—30 BQB 8F9F =30 .

The total number of effective degrees of freedom N (7') results from summing
the contribution of all bosonic (B) and fermionic (F') species with their re-
spective degeneracy factors gp and gr. When the temperature drops during
the expansion of the universe, particles of a species annihilate with their
antiparticles when the temperature falls below their rest mass, liberating
thermal energy of annihilation in the process and ceasing to contribute to
N(T). As the temperature decreases with time, more and more particle
species annihilate until only photons and neutrinos remain. Reading from
bottom to top, Table I lists the values of N(T') as Standard Model particles
are annihilated. The Majorana (or active) neutrino component N, appears
at decoupling Tp, and the sterile Dirac neutrino component Ny is always
present, if it exists.
The entropy transfer in an annihilation process from state b to a im-
plies [1]
No(qTh)? = No(qTo)? = To = (Ny/No)3 Ty )

For the change of the density parameter in a threshold process, we have

/2 = (No/Ny) (Ta)Tp)* = Q0 = (Ny/Ny)? 2. (9)
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TABLE I

Effective relativistic degrees of freedom with increasing temperature (adapted from
PDG [13]).

4N
T, New particles | 4N, (T;) | 4N, (T,) | 4Ns(Ts)
T, < me ¥s 8 21
me < T, <Tp, et 22
Tp, <T, <my Vs 43
my, <1, <mg ut o7
me < T, <T, s 69 21

T. <T, <mg uii, dd, gs—s 205
ms < T, < me S5 247
me <1, <m; cc 289
my < T, <my T+ 303
my < T, < mw.z bb 345
mw,z < T, < mpy w*, 20 381
my <T, <my H 385
my < T, tt 427

We model the annihilation stage by assuming that the energy liberated in
the annihilations keeps the temperature constant at T,.(t) = m,; until all
annihilations cease, by requiring that during the annihilation process [11, 12]

N(t) = ¢2:(t:)/ (a(t;)q(t)*m}) with ¢ = 90HF/ (87°G) . (10)

To model dark matter, we consider one of the proposed candidates, the
neutralino, since the thermal decoupling of neutralinos has been quantita-
tively studied [14, 15]. Neutralinos drop from thermal chemical equilib-
rium with radiation when the expansion of the universe dilutes their density
and thus reduces the annihilation probability. However, by collisions with
fermions, neutralinos maintain kinetic equilibrium and continue sharing the
radiation temperature. The temperature at which neutralinos kinetically
decouple is [15] Txg = (1.2 x 10_2mp1M§1(M% - M;)_Q)_l/‘l, where mp
is the Planck mass, M; the mass of the sfermions (assumed here to be the
same for all sfermions) and My the mass of the neutralino. At this point,
they are already not relativistic and evolve as non-relativistic matter (6).
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The equation of motion for the scale factor is obtained from Friedmann’s
equation (4) and by writing the density parameter of each species as a func-
tion of the scale factor one obtains

i* = [(2:(t:) + 2:(t1)]/q” + [2(t0) + 2c(to)] /g + n(to) + 2a¢®,  (11)

where the sterile neutrinos are included if §24(¢1) is not set to zero. The
initial time ¢; and scale factor values correspond to the estimates of the end
of inflation (t; ~ 107325 and ¢(t1) ~ 10727) [1]. Solving (11) numerically
yields ¢(t) and we can calculate the temperatures and densities.

3. Results and conclusions

Our calculation shows that the time evolution of the scale factor is al-
most unaffected by the presence or absence of a sterile neutrino component.
The age of the universe is in both cases to ~ 0.9983 H 1 equivalent to
13.87 Gyrs. Majorana neutrinos (or active neutrinos in the Dirac case) de-
couple shortly before electrons and positrons annihilate and do not absorb
the eTe™ annihilation energy as the photons do. If neutrinos are of Dirac
type and since the scale factor does not change noticeably when includ-
ing sterile neutrinos, the active neutrino temperature is practically indistin-
guishable from the Majorana neutrino temperature 7,,. The sterile neutrino
temperature T decreases monotonically, unaffected by any of the threshold
processes (Fig. 1).
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Fig. 1. Radiation and Majorana neutrino temperatures 7)., T, and sterile neutrino
temperature T, in Kelvin, as functions of time ¢, in units H ! On the right-hand

side, we focus on the most conspicuous event, the ete~ annihilation threshold.

The number of neutrino species affects primordial nucleosynthesis and
sterile neutrinos should be suppressed by a factor ~ 0.05 at that epoch,
when 7' = 1 MeV [16]. It has been argued also that they can never have
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been in thermal equilibrium if they are light (below 30 V) [16]. We note
that our calculation, which starts at the end of inflation assuming a common
initial temperature for all species, predicts ps/p, = 0.047 at the epoch of
nucleosynthesis. The suppression factor stems from the lower temperature of
the sterile neutrinos as they do not acquire any of the annihilation energies.

Considering dark matter, with the mass estimates m; = 10 GeV, mo =
100 GeV and m3 = 1 TeV for the neutralinos, their present epoch av-
erage temperature is, respectively, T(m1) ~ 1.79 x 10711 K, T(mg) ~
1.16 x 1071 K and T(m3) ~ 4.70 x 1073 K. As for the baryons, they
are created at quark—hadron confinement temperature and can already be
considered non-relativistic from the time they form. They remain in thermal
equilibrium with radiation until decoupling at Tp ~ 3000 K [13], correspond-
ing in the present work to a universe aged 373 000 years, consistent with
observations [7]. The present average baryonic temperature is calculated
as 2.475 x 1072 K. The present epoch temperatures of baryonic and dark
matter are idealized averages, since clustering into structures has affected
their temperature evolution.

To summarize, we modelled the universe as a perfect fluid, interpreting
dark energy based on fluctuations of the metric and assuming dark matter
to consist of neutralinos. The overall development of the universe is not
noticeably affected by the extra degrees of freedom of sterile neutrinos. We
find that at the epoch of primordial nucleosynthesis the sterile neutrino
density is suppressed by a factor which is in agreement with estimates in
the literature, when assuming the sterile neutrinos to start out, at the end
of inflation, with the same temperature as the rest of the universe.
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