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Light sterile neutrino production in the early universe with dynamical neutrino asymmetries
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Light sterile neutrinos mixing with the active ones have been recently proposed to solve different
anomalies observed in short-baseline oscillation experiments. These neutrinos can also be produced by
oscillations of the active neutrinos in the early Universe, leaving possible traces on different cosmo-
logical observables. Here, we perform an updated study of the neutrino kinetic equations in (3 + 1) and
(2 + 1) oscillation schemes, dynamically evolving primordial asymmetries of active neutrinos and taking
into account for the first time CP-violation effects. In the absence of neutrino asymmetries, eV-mass
scale sterile neutrinos would be completely thermalized, creating a tension with respect to the cosmic
microwave background, large scale structures, and big bang nucleosynthesis data. In the past literature,
active neutrino asymmetries have been invoked as a way to inhibit the sterile neutrino production via the
in-medium suppression of the sterile-active mixing angle. However, neutrino asymmetries also permit a
resonant sterile neutrino production. We find that if the active species have equal asymmetries L, a value
|L| = 1073 is required to start suppressing the resonant sterile production, roughly an order of magnitude
larger than what was previously expected. When active species have opposite asymmetries, the sterile
abundance is further enhanced, requiring an even larger |L| = 1072 to start suppressing their production.
In the latter case, CP violation (naturally expected) further exacerbates the phenomenon. Some
consequences for cosmological observables are briefly discussed: for example, it is likely that moderate
suppressions of the sterile species production are associated with significant spectral distortions of the
active neutrino species, with potentially interesting phenomenological consequences especially for big

bang nucleosynthesis.
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I. INTRODUCTION

Inrecent years, a renewed attention has been paid to light
(m ~ O(1) eV) sterile neutrinos mixing with the active
ones (see Ref. [1] for a recent review). In particular, sterile
neutrinos have been proposed to solve different anomalies
observed in short-baseline neutrino experiments, notably in
the v, — P, oscillations in LSND [2] and MiniBoone [3]
experiments, and in 7, and v, disappearance revealed by
the reactor anomaly [4] and the gallium anomaly [5], re-
spectively. Scenarios with one (dubbed “3 + 1) or two
(“3 + 27) sub-eV sterile neutrinos [6—10] have been pro-
posed to fit the different data.

Cosmology provides an important arena to test these
scenarios. In fact, neutrinos are abundantly produced via
weak interactions in the hot (temperature 7 > 1 MeV)
primordial cosmic soup. The mostly sterile mass eigen-
state(s) can be produced via oscillations and modify cos-
mological observables [11-14]. If these additional states
are produced well before (active) neutrino collisional de-
coupling, they acquire quasithermal distributions and be-
have as extra degrees of freedom at the time of big bang
nucleosynthesis (BBN). This would anticipate weak inter-
action decoupling and lead to a larger neutron-to-proton
ratio, eventually resulting into a larger “He fraction. The
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nonelectromagnetic cosmic radiation content is usually
expressed in terms of the effective numbers of thermally
excited neutrino species N.y. The Standard Model (plus
active neutrino oscillations) expectation for this parameter
is N = 3.046 [15], a result which is only marginally
modified even accounting for new interactions between
neutrinos and electrons parameterized by four-fermion op-
erators of dimension six allowed by laboratory constraints
[16]. If the additional degrees of freedom are still relativis-
tic at the time of cosmic microwave background (CMB)
formation, the same parameter N can be constrained by a
detailed study of the CMB angular power spectrum, espe-
cially when combined with other cosmological probes.
Quite an excitement (see, e.g., Refs. [17,18]) has been
stimulated by the result in the current best fit of WMAP,
SDSS II-Baryon Acoustic Oscillations and Hubble Space
Telescope data, yielding a 68% C.L. range on N4 =
4.34708¢ [19] in the assumption of a ACDM universe.
Once accounting for the parameter degeneracy in the deter-
mination of the first angular peak properties, which can be
adjusted by choosing different combinations of other cos-
mological parameters, it turns out that such results are
almost completely due to the large-€, damping tail of the
CMB spectrum, as is even more clear when adding ACBAR
[20] and ACT [21] small-scale data (see Ref. [22] for a
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pedagogical account). The reliability of BBN constraints is
plagued by systematics in the determination of primordial
abundances. Yet, within conservative but reasonable as-
sumptions, standard BBN calculations do not allow for
Neg larger than about 4.1 at 95% C.L. [23] with only a
weak, statistically nonsignificant preference for a larger-
than-standard value of N. In order to allow for sufficiently
large effects at the CMB epoch while accommodating BBN
constraints, some authors have envisaged, for example, the
introduction of relatively large neutrino-antineutrino asym-
metries. This in order to (partially) compensate for the
effect of N.; on *He by a counter effect due to v, — 7,
distributions in weak rates [24]. On the other hand, the
CMB preference for a large N usually comes with a price:
for example, a tension with cluster determination of dark
matter abundance has been noticed in Ref. [22]. Also, the
basic tenet that these mostly sterile 2’s behave essentially as
radiation at the CMB epoch is untenable: laboratory data
require one or more relatively massive (m ~ 1 eV) extra
states. CMB data in combination with LSS ones are a
particularly sensitive probe of massive neutrinos (for a
review, see, e.g., Ref. [25,26]). At face value, when account-
ing for the fact that these extra species are massive, the
scenario hinted at by laboratory data is actually disfavored
by cosmology, unless rather radical and contrived cosmo-
logical model modifications are introduced [18,24,27-29].

Given this partially contradictory situation and the existing
laboratory anomalies, it is of paramount importance to study
the physical conditions under which the sterile neutrino pro-
duction actually takes place, as preliminary step to any phe-
nomenological consideration. As already mentioned, sterile
neutrinos are produced in the early Universe by the mixing
with the active species. Therefore, in order to determine their
abundance, it is necessary to solve the quantum kinetic equa-
tions describing the active-sterile oscillations [30,31]. This
problem has been studied in a long series of papers (see,
e.g., Refs. [32-53]), finding a broad range of possible outputs
depending on the sterile neutrino masses and mixing angles
with the active species. Since the solution of the nonlinear
neutrino evolution equations is numerically challenging, dif-
ferent approximations have been adopted. In particular, most
of the previous studies solve the equations in a simplified
(1 + 1) scenario in which only a (mostly) active neutrino
mixes with a (mostly) sterile one. Recently, also multiflavor
cases have been presented [48,52]. In particular, active-sterile
oscillations in a (3 + 2) scheme have been studied [52]. It has
been found that, for the mass and mixing parameters needed to
describe the short-baseline anomalies, in the standard sce-
nario, sterile neutrinos would be completely thermalized in
the early Universe, creating an unwelcome tension with cos-
mological observations as mentioned above.

On the other hand, a possible escape route to reconcile
sterile neutrinos with cosmological data consists of the
inclusion of a primordial asymmetry between neutrinos
and antineutrinos [41]
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In principle, one would expect the lepton asymmetry to be
of the same order of magnitude of the baryonic one, n =
(ng — np)/n, =6 x 107" Indeed, to respect the charge
neutrality, the asymmetry in the charged leptons must
match the above number to a high degree. However, since
neutrinos are neutral, the constrains on L are quite loose,
allowing also |L| =~ 1072 — 10~! [54-60]. Moreover, there
are models for producing large L and small n [61-63].

A neutrino asymmetry implies an additional ‘‘matter
term potential” in the equations of motion. If sufficiently
large, one expects this term to block the active-sterile
flavor conversions via the in-medium suppression of the
mixing angle. However, this term can also generate
Mikheev-Smirnov-Wolfenstein [64] (MSW)-like resonant
flavor conversions among active and sterile neutrinos. In
particular, in a recent (1 + 1) study [53], it has been found
that for sterile neutrinos with parameters preferred by the
laboratory hints, a neutrino asymmetry L = 1072 would
strongly suppress their production. This would reconcile
them with the cosmological observations. In Ref. [50], the
question was addressed of how large the value of L should
be in order to have a significant reduction of the sterile
neutrino abundance. The authors solved the equations of
motion in a simplified (3 + 1) scheme inspired by LSND,
finding that L ~ 10~* was enough to relieve the tension
between sterile neutrinos and cosmology. However, this
result has to be taken cum grano salis. Indeed, the authors
fixed the lepton asymmetry as an initial condition taken
constant during the flavor evolution. Nevertheless, this
quantity is expected to dynamically evolve due to the flavor
conversions. Moreover, they solved the coupled equations
of motions by effectively reducing the degrees of freedom
via the constraint of neglecting resonant transitions be-
tween sterile and active neutrino species in the antineutrino
sector, that would be possible for the negative neutrino
asymmetries they considered.

The purpose of our work is to revisit the thermalization
of sterile neutrinos in the early Universe in the presence of
primordial neutrino asymmetries, taking a complementary
approach to most of the other studies. In particular, many
investigations have focused on large scans of the sterile
neutrinos parameter space, often neglecting some physical
effects in order to keep the problem computationally man-
ageable. Here, we rather stick to a benchmark set of best-fit
value parameters for the sterile state “suggested” by labo-
ratory experiments, but we go beyond most approximations
used in the previous studies. In particular, we shall consider
(3 + 1)and (2 + 1) schemes inspired by the recent fits of all
the short-baseline, reactor, and solar neutrino anomalies.
The inclusion of more than an active neutrino which mixes
with the sterile state allows us to explore effects which are
not possible in a simplified (1 + 1) scenario. For example,
having more than one active neutrino, one can study both
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cases in which the neutrino asymmetries are equal or oppo-
site between the active species. Moreover, one can take into
account more than one mixing angle between the active and
the sterile neutrinos. CP-violating effects in oscillations
thus become a natural possibility, which we also consider
here, to the best of our knowledge, for the first time in this
context." We decide to devote our work to a detailed study
of all these effects still unexplored. We find that each of
them could have a relevant impact in the determination of
the final abundance of sterile neutrinos. Generically, we
realize that “‘masking” cosmological consequences of ad-
ditional sterile neutrinos is harder than previously deduced
in simplified treatments. Here, we do not aim at deriving
detailed cosmological predictions, rather the correct (and
reliable) qualitative physical trend. In this spirit, we can
content ourselves with a momentum-averaged description,
but otherwise, we deal with the complete problem, i.e., we
solve essentially the exact equations of motion as opposed
to simplified ones studied in the past literature.

The plan of our paper is as follows. In Sec. II, we introduce
the (3 + 1) neutrino mixing framework we will use as bench-
mark for our study. In Sec. III, we describe the active-sterile
neutrino flavor evolution in the early Universe. In particular,
we introduce the equations of motion for the neutrino en-
semble. Then, we present the average-momentum approxi-
mation we use to solve numerically the neutrino evolution.
Finally, we compare the different interaction strengths which
enter the equations of motion. In Sec. IV, we present the
results of the sterile neutrino production in the (3 + 1) sce-
nario for different values of the primordial neutrino asym-
metries, taken equal among the different active flavors. In
Sec. V, we calculate the sterile neutrino abundance in differ-
ent cases in a (2 + 1) scenario, where the active sector
(v, v,) is associated with the atmospheric mass-square
splitting Am2,,, and with the 1-3 mixing angle 6. At first,
we take into account both the active-sterile mixing angles 6,
and 6 ;. In this situation, we describe both cases with equal
and opposite initial neutrino asymmetries among the active
species. We also consider the effects of CP violation in the
sterile sector. Then, we present a case in which only electron
neutrinos mix with the sterile ones. In Sec. VI, we discuss the
impact of the sterile neutrino production on the neutron/
proton ratio (n/p) in the early Universe. Finally, in
Sec. VII, we comment about future developments of our
study, and we conclude.

II. 3 + 1) NEUTRINO FRAMEWORK

Short-baseline neutrino oscillation data have been fitted
adding to the usual three active neutrino species one (3 + 1
mixing scheme) or two (3 + 2 mixing scheme) massive
sterile states [6-9]. In spite of the presence of a tension in

'In the absence of sterile neutrinos, the impact of CP violation
onto cosmological active neutrino asymmetries has been studied
in Ref. [65].
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the interpretation of the data [9], the 3 + 1 neutrino mixing
scenario is attractive for its simplicity. It is also less likely
to lead to a strong exclusion by cosmological arguments.
Therefore, in our work, we will consider only this exten-
sion of the three-neutrino mixing framework. In such a
four-neutrino mixing scheme, the flavor neutrino basis is
composed by the three active neutrinos v,, v,,, v, and by a
sterile neutrino v,. The flavor eigenstates v, are related to
the mass eigenstates v; (i = 1,...4, ordered by growing
mass) via a unitary matrix ‘U through [1,66]

uut=utu=1 (2)

_ *
Vo = uai”i’

By neglecting for the moment the presence of arbitrary
phases, also responsible for CP-violation effects, the
matrix U can be parameterized as a product of 4 X 4
Euler rotation matrices R;; acting in the (i, /) mass eigen-
state subspace, each characterized by a mixing angle 6;;.
Following, e.g., Ref. [67], one can write

U = R3yRuR;3R 4R 3R, 3)

where we order the flavor eigenstates in such a way that if
all angles are vanishing, we have the correspondence
(Ve, Vo Vi V) = (), 2, 3, v4). In the limit where the
three mixing angles 6,4 vanish, the above matrix reduces to

U013, 613, 023) 0
0 1)

lim U =
0i4—0

“4)

where U is the 3 X 3 unitary mixing matrix among the
active neutrinos defined in terms of three rotation angles
0;;, ordered as for the quark mixing matrix [68]. In the
following, we fix the values of these three mixing angles to
the current best fit from global analysis of the different
active neutrino oscillation data [69], (see also [70]), i.e.,

sin 2012 = 0307, Sin2023 = 0398, Sil’l2013 =0.0245.
(%)

We remind the reader that the early hints for a “large”
value of 6,3, suggested by the long-baseline v ,-v, experi-
ments [71,72] and Double Chooz reactor experiment [73]
in combination with the global analysis of the neutrino data
[74,75], have been recently confirmed by the measurement
of the Daya Bay [76] and Reno [77] reactor experiments.
We neglect CP-violating effects in the active sector. The
corrections to the 3 X 3 ““active” neutrino submatrix of ‘U
is only second-order in the mixing angles of the sterile state.
We shall assume (as also done in phenomenological studies)
that, at most, two mixings of the fourth neutrino to the three
active ones are nonvanishing, namely, we put U, = 0. We
take from fits of the short-baseline data the values [8]

sinf,; =~ |'U,4| = +/0.025,
sind,, = U] = v0.023,

where the equality holds (in our parameterization) up to
corrections quadratic in the mixing angles of the fourth

(6)
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state. It is worth noting that the ‘“‘sterile” mixing angles
result of the same order of 6,3. Any quantitative interpre-
tation of ‘““anomalies” in terms of mixing with steriles
should thus be made to account for oscillations among the
active states.

The 4v mass spectrum is parameterized as [78]

2 2.2 2 9
M —dlag(ml, m3, ms, m4)

=diag( —Am?, += Amm,, Am?, Amgt), (7)

where the solar and the atmospheric mass-square differ-
ences are given by [69]

Am2,/eV? = 7.54 X 1075,
Am2,, /eV? = 2.43 X 1073,

8)

respectively. Note that here and throughout, we assume
normal mass hierarchy, i.e., Am2,, > 0. The sterile-active
mass splitting from the short-baseline fit in the 3 + 1
model is given by [8]

Am2/eV? = 0.89. 9)

Therefore, it results in a clear hierarchy among the mass
differences, i.e., Am2 > Am2,, > Am?2 ;. When restrict-
ing to the (2 + 1) cases, no 4 X 4 formalism is needed. The
conventions are formally equivalent to the familiar three
active neutrino mixing angles, as well as the standard
parameterization of the Dirac CP phase [68], with only
the numerical values for the mixing and mass splittings to
be changed (see Sec. V for details).

ITII. NEUTRINO FLAVOR EVOLUTION
IN THE EARLY UNIVERSE

A. Equations of motion

Following Ref. [54], in order to describe the time
evolution of the » — ¥ ensemble in the early Universe,
it proves useful to define the following dimensionless
variables which replace time, momentum, and photon
temperature, respectively:

X = ma y = pa z=T,q, (10)

where m is an arbitrary mass scale which can be put, e.g.,
equal to 1 MeV. Note that the function a is normalized,
without loss of generality, so that a(r) — 1/T at large
temperatures, 7 being the common temperature of the
particles in equilibrium far from any entropy-release pro-
cess. With this choice, a~! can be identified with the initial
temperature of thermal, active neutrinos.

In order to characterize the active-sterile neutrino oscil-
lations, we describe the neutrino (antineutrino) ensemble
in terms of 4 X 4 density matrices @ (0)*

’Note that in natural units,
variables.

@ and @ are dimensionless
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Cee Qe,u, Cer Qes
Qp,e Q,u,p, Q,u,r Q,us
Te QTM Orr TS

QS@ QS,M QST QSS

In terms of ¢ and 0, the equations of motion (EoMs) for the
neutrino ensemble assume the form [30,31,54]

elxy) = an

.do x2 t g2 \/EGFmZ
i _ N St et
! dx ZmzyH[ru MU e x*H
2 2
X [(_%Eg — %EV + N,,), g] + xC[_Q]’
3x“my, 3x“my mH
(12)
98 Ut g + Y26
dx 2m?y x*H
% [(+78y2’”2 E, + 78)12m2 E, + Ny>, @] xdel
3x“my, 3x“my mH '
(13)
xﬁ =g —3P. (14)
dx

In the previous expressions, H denotes the properly nor-
malized Hubble parameter, namely,

- x*  x* Bme(x,z(x)) [ m\ [Bme(x, z(x))
R R (7

(15)

where the total energy density and pressure of the plasma,
€ and P, enter through their “comoving transformed” & =
€(x/m)* and P = P(x/m)*, respectively. Since for most of
the temperatures we are interested in, electrons and posi-
trons are the only charged leptons populating the plasma in
large numbers, to a very good approximation, the total
energy density can be expressed as the sum

e(x, z(x)) =&, + &, + &, (16)
where
w2
ey = 1= 2, (17)

o= [ Uinlv/20) = 6+ Frolv/200 + 6.)

2
=T ), (18)

2

8 15 eff

Note that due to the range of temperature 7' considered, we
have safely assumed massless e~ which, due to the fast
electromagnetic interactions, have a Fermi-Dirac distribution

5= [ dyy’Tilo(ny) + 0(x,y)] = (19)
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feo(y/z(x) ¥ ¢.) = 1/(exp(y/z(x) + ¢.) + 1),  respec-
tively. The reduced electron chemical potential ¢, is, in
principle, a dynamical variable which requires a further
equation (the electric charge conservation) in order to be
evolved consistently. However, for our purpose, electrons
are only important when their energy density is dominated
by pairs, rather than by the e~ excess due to the baryon
asymmetry, and ¢, can be put equal to zero.

The first term on the right-hand side (r.h.s.) of the EoMs
(12) and (13) is responsible for the vacuum neutrino oscil-
lations. In the second term, the diagonal matrix E, related
to the energy density of charged leptons under the previous
assumptions takes the form

7 2
E, = diag(s,, 0,0,0) = diag<6—7(7; (%), 0,0, o). (20)
Moreover, we have

N, =5 [@n(Gilets.y - 6t )G,

+ G, Trl(e(x, y) — o(x, »))G 1}, 21

1 _
E, =5 [drGlety) + o8, @)

These terms make the EoMs nonlinear and are the main
numerical challenge in dealing with this physical system.
Note that the matrix N, is related to the difference of the
density matrices of neutrinos and antineutrinos, while E , is
related to their sum. The matrix G, = diag(1, 1, 1, 0) in
flavor space contains the dimensionless coupling con-
stants. We remark that in the presence of more than one
active species, the N, matrix also contains off-diagonal
terms. The last term at r.h.s. of Egs. (12) and (13) is the
collisional term proportional to G%. We will present an
approximate expression of this term in Sec. III B. Finally,
Eq. (14) basically provides an evolution equation for the
quantity z(x). On the other hand, even when a fourth
neutrino is populated in the plasma via early oscillations
(before the active neutrino decoupling), the correction with
respect to the initial value of € is, at most, of the order of
~10%. Consistently with other papers in this field, we
neglect this small effect in this exploratory study, although
we note that it should be accounted for in more accurate
predictions of cosmological observables. This also implies
that we can keep z as constant and equal to 1, which is a
good approximation in the epoch considered in this work.
As a consequence, £ is not dynamical and assumes a
numerical value almost equal to 3.54. A final comment is
that we omit the familiar refractive term due to the matter
asymmetry (i.e., « (n,- — n,+) « n) from the EoMs.
Albeit, it may, in principle, induce resonances, for the
parameters of interest here, the resonance would fall at
such high temperature that the system is still collisionally
dominated, and no coherent process is effectively taking
place.

PHYSICAL REVIEW D 86, 053009 (2012)

B. ‘““Average momentum” approximation

In the presence of continuous neutrino momentum
distributions, to solve the full set of EoMs (12) and (13)
turns out to be a computationally demanding task. In order
to perform a more treatable numerical study of the flavor
evolution for different neutrino asymmetries, which is able
to catch the main features of the more involved complete
computation, in the following, we will restrict ourselves to
a average-momentum approximation, based on the ansatz
(and similarly for antineutrinos),

o(x,y) = fein(p k). (23)
By this assumption, and in the absence of asymmetries, at
equilibrium, one would simply get p = I|. In terms of
Eq. (23), the set of EoMs (12) and (13) can be rewritten as
2 2
.ap X \/EGFWL
— = Ut MU, p] + ——
"d 2m*H < >[ d CX°H
8 2 8 C
% [(— bim g <y2>m E, + N,,), ] E”_]
3x“myy 3x H
(24
dp x? V2 2Gpm?
—= UMY, pl+ ——=—
l dx  2mPH < >[ d x*H
8 2 8 p
X [(+ e <y2>m E, + N,,), ] CEP_],
3x“my, 3x H
(25)
where, by definition, {(g(y)) = [ y*¢(¥)frp(y)dy/

I3 v fep(y)dy. According to this notation, (y) = 3.15
and (1/y) = 0.456 # 1/(y). The nonlinear terms N, and
E, of Egs. (21) and (22) assume the form

N, =20

(26)

E,= G J(p + p)G;. 27

8 30
Note that only the active 3 X 3 submatrix of the whole density
matrix enters the above interaction terms. Moreover, by using
the approximate form [50] for the collisional terms in Eqs (12)
and (13), we get the expressions

Clp) = ~ L Gm*(S* p — 1}~ 2S(p — S
F{A (p — )} + 2A(5 — DA)
C1p) = — L GRS 5 — 1}~ 255 — S
+{A% (5 — I} + 2A(p — DA). (8)

The above expressions have been derived assuming null
neutrino lepton asymmetries. However, since in our study,
we will restrict ourselves to |L| < 1072, the correction
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induced would be negligible (see, e.g., Ref. [43]). In flavor
space, the matrices S, A write S = diag(g¢, g%, g7, 0) and
A = diag(g¢, gi, g7, 0), respectively, and contain the nu-
merical coefficients for the scattering and annihilation pro-
cesses of the different flavors. Numerically, one finds [33]

(g9)?=3.06,  (g5)?*=0.50,
(g =222, (gh")*=0.28.

The initial conditions for the density matrix p are written

29)

4 4 4
in = diag(l +-L,1+=-L,1+=-L_, 0),

3 3°H 3

4 4 4 0
in = diag(l - 3Le, 1- 3 L, 11— gLT, 0),

where the neutrino asymmetries in the different flavors are
related to dimensionless chemical potentials &, = w,a

through
w2 f 3
“ (e ) b

Note that the expression in Eq. (30) is only valid at leading
order in L.

It is convenient to have an estimate of the different
dimensionless factors multiplying p and p on the r.h.s. of
Egs. (24) and (25), respectively. The vacuum oscillation
term is proportional, apart from a matrix whose coeffi-
cients are O(1), to the quantity

xX2Am? /1 Am?
Q. ="—(V=23%x10" 13( )—. 32
vac 2Hm2 <y> V2 H ( )

Taking into account the e* e~ pairs only, the matter poten-
tial in Egs. (24) and (25), except for the different sign for
neutrinos and antineutrinos, is proportional to

8\/_<y>GFm477T< 1 )-24)(10 0 1_.
x*H

Qmatl -
3mi, 60

(33)

The neutrino-neutrino interaction strength gives two
terms, respectively proportional to

V2Gpm? 3¢(3) 1
Qogy = T 2H ’
H 477 2H
Quym = w 77 ( 1 ) — l(ﬂ)zgmm
3m% 240 4\my
cos?6
= Qo (34)
Finally, the collisional term is proportional to
Gim* 1
= ———=—=68X 10723—_. 35
coll 2x4H X4H ( )

In order to get an idea of the strength of the different
interaction terms, in Fig. 1, we plot as a function of the
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v interaction strenghts

1 10 10
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FIG. 1 (color online). Neutrino collisional and refractive rates
(normalized in terms of the Hubble rate) vs temperature 7. In
particular, we show (.. (solid curve), Q.. (long-dotted
curve), Q, X A, (dashed curve), Qg X 2,, (short-dotted
curve), and Q. X [(g9)? + (g¥)*] (dashed-dotted curve).
Here, we use Am2, A, =32L/3 with L=10"*and 3,, =2
(see the text for more details on these quantities).

temperature 7, (), (solid curve), Q.. (long-dotted curve),
Qe X A, (dashed curve), Qg X 2, (short-dotted curve),
and Q. X [(g9)? + (g%)?] (dashed-dotted curve). Here, we
use as mass square difference AmZ, A, =2(p,c— Poe)+
(p,MM_ﬁ/LM)+(pTT_ﬁTT):8/3(2Le+L,u+LT)? where
for illustration, we fixed L, = L, = L, = 10™*. Finally,

ee = (pee + ﬁee) =2

From the figure above, one realizes that the system
remains collisional down to a few MeV, when the collision
over Hubble rate drops below 1 on the ordinates. The
collisional term also dominates over the vacuum oscillation
term at 7 = 20 MeV, thus breaking the coherence between
different neutrino flavors and preventing significant oscil-
lations. The refractive terms can induce MSW-like reso-
nances between the actives (a = e, u, 7) and sterile state
when, in the limit of only one mixing angle between the
active and the sterile neutrinos, one of the following con-
ditions is satisfied [43]:

Q€020 — Qi Ay + Qg %y + Qg =0 for v,

Q0820 + Dy Ay + Q2 + Qpp =0 for 7,
(36)

where a = e, u, 7 and the definitions of A ,, A,,and %, ,,
3., are, respectively, of the same form to the ones of A,
and %,,, given before. From these equations, we obtain that
in the absence of lepton asymmetries (A, = 0), the reso-
nance condition cannot be satisfied either for the »’s or for
v’s, given the hypothesis that the sterile state is heavier
than the active ones. Instead, when (), A, is the dominant
term, as in the cases we will consider in the following,
resonance conditions can occur for A, > 0 in the » sector
and for A, <0 in the ¥ one. In particular, in Fig. 1, the
resonance occurs around 7 = 3 MeV. We will also show
that, as a consequence of the dynamical nature of the
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asymmetries, A, can rapidly change sign so that both
sterile neutrinos and antineutrinos get populated. This
phenomenon is thus qualitatively different with respect to
the familiar MSW resonant conversion. Resonances can
also take place in the active sector at lower temperatures.
However, since active neutrino distributions are expected
not to depart too much from their equilibrium values, their
effect is subleading.

IV. 3 + 1) RESULTS

In order to calculate the sterile neutrino abundance in the
3 + 1 scenario, described in Sec. II, we numerically solved
the EoMs [Eq. (25)], using a Runge-Kutta method for the
equations written in the variable x = m/T and evolved in
the range x € [1072, 1.0]. We take 103 steps in log(x) in
the integration interval. We consider initial neutrino
asymmetries L = L, = L, = L, <0. We checked that
the results presented in the following do not change con-
sidering positive asymmetries. In Fig. 2, we show the
evolution of the diagonal component of the density matrix
P, for sterile neutrinos in function of the temperature 7 for
different initial lepton asymmetries, namely, L = 0 (solid
curve), L = —107* (dashed curve), L = —103 (dotted
curve), and L = —1072 (dashed-dotted curve). As ex-
pected from the previous literature, in the absence of lepton
asymmetries, sterile neutrinos are copiously produced at
T =< 30 MeV until they reach p,, = 1. Instead, including a
nonzero initial lepton asymmetry, the effect is to suppress
the sterile neutrino production as long as | Qg | > [Qy,|.
However, these two functions have opposite dependence
on the temperature, and, at some time, they will cross.
Sterile neutrinos are then produced “resonantly,” albeit
with a nonlinear, dynamical resonance condition which is
itself influenced by the evolution of the system. Increasing
the lepton number asymmetry, the position of the reso-
nance moves towards lower temperatures, where the reso-
nance is less adiabatic. Indeed, the adiabaticity parameter
scales as ~T, as shown in Ref. [79]. As a consequence, the
sterile production is less efficient increasing |L|, as results
from Fig. 2. In particular, asymmetries greater than |L| =
1073 are required in order to achieve a significant suppres-
sion of the sterile neutrino production. Also, the asymmet-
ric term changes sign, and thus the resonance can take
place in both neutrino and antineutrino sectors, which turn
out to be populated almost equally.

Our result implies that, in order to suppress the sterile
neutrino production, one needs a lepton asymmetry
greater, at least, by an order of magnitude with respect to
that found in a previous study on the subject [50]. This
discrepancy is due to the fact that, in their work, the authors
followed the flavor evolution only for the neutrinos, choos-
ing a negative value of lepton asymmetry kept constant. In
this way, they missed resonant effects which would have
occurred in the antineutrino sector. Then, the lepton num-
ber can only suppress the flavor evolution. Therefore, in
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FIG. 2 (color online). (3 + 1) scenario. Evolution of the den-
sity matrix element p,, in function of the temperature 7. We
consider L = L, = L, = L. The solid curve corresponds to
L = 0, the dashed curve to L = —1074, the dotted curve to L =
—1073, and the dashed-dotted one to L = —1072.

their study, L = —10™* was enough to block the sterile
neutrino production.

Caution should also be taken when interpreting the
results shown for p,, into an effective increase of the
neutrino degrees of freedom in the early Universe, usually
parameterized via Ngg. In fact, according to the definition
reported in Eq. (19), the latter variable is sensitive to the
trace of the neutrino plus antineutrino density matrix. A
late conversion of some active state into a sterile one after
the neutrinos have undergone collisional decoupling is, in
fact, conserving the overall number of neutrinos (albeit
some cosmological consequences, such as those for BBN,
may be typically more dramatic, as briefly discussed in
Sec. VI). This is shown in Fig. 3, reporting the evolution of
N, for the cases corresponding to Fig. 2. Note that for no
or small asymmetry, for the parameters chosen, the active-
sterile oscillations take place early enough that the de-
pleted active states are rapidly repopulated collisionally.
Thus, N effectively increases to 4. On the other hand, for
|L| = 1073, the conversion takes place around the decou-
pling time, and the repopulation is only partial, with a
difference between N 4 and p,, of about 0.1 units (com-
pare Fig. 2 with Fig. 3). Finally, for |L| = 1072, only a
negligible fraction of the converted active neutrinos are
repopulated, despite the fact that about 10% of a “‘thermal-
equivalent™ sterile state has been produced. Since in the
presence of large asymmetries, the temperature at which
production starts depends on when the equality Q,,. =
O,y X A, takes place, there is a quite strong dependence
of the signatures from the exact values of the active neu-
trino mass, mixing, and the initial value of |L|.

V. (2 + 1) RESULTS

In our study, we consider initial distributions for active
neutrinos close to their equilibrium ones. Therefore, the
oscillations among the three active species have a subleading
role for the evolution of the sterile neutrinos. At this regard,
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FIG. 3 (color online). (3 + 1) scenario. Evolution of the effec-
tive number of degrees of freedom N, for the cases correspond-
ing to Fig. 2

we calculated the flavor conversions in the same cases as
before, considering (2 + 1) subsectors with the active mixing
associated with (Am?2,, 6,,) and (Am2y,, 6,3), respectively.
For the cases we compared, we find results very similar to the
ones presented in the previous section. Therefore, in order to
speed up the numerical calculations, we decide to continue
our explorations of sterile neutrino production in different
cases, referring to (2 + 1) scenarios associated with
(Am2,,, 6,3) active sector.

A. Le = L/.w $Ycp = 0
In the following, we consider different (2 + 1) cases
with nonzero 6, and 6,, given by Eq. (6). In the left-
upper panel of Fig. 4, we represent the case with L = L, =
L,. The solid curve corresponds to L = 0, the dashed
curve to L = —107*, the dotted curve to L = —1073,

1.5 T T T T T r T T T T

1

tpm 2
2 2

10 10
T (MeV)

FIG. 4 (color online). (2 + 1) scenario. Evolution in function
of the temperature T of pg, for different initial neutrino asym-
metries. Upper panels correspond to L = L, = L, and lower
panels correspond to L = L, = —L,. The solid curves corre-
spond to L = 0, the dashed curves to L = — 1074, the dotted to
L = —1073, and the dashed-dotted to L = —1072. Left panels
show cases with no CP violation in the sterile neutrino sector,
while right panels refers to @p = 7/2.
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and the dashed-dotted one to L = —1072. This case is
manifestly close to the (3 + 1) scenario shown in Fig. 2.
In order to clarify the dynamics of the sterile neutrino
production, in the left panels of Fig. 5, we plot in function
of the temperature the evolution of the neutrino asymme-
tries Apy = Paa — Paq for the v, (solid curve), v, (dot-
ted curve), and v, (dashed curve). Since Ap, typically
presents very fast oscillations, for the sake of the clarity, we
plot its value averaged over ten steps in 7. In the right
panels, we show the evolution of the vacuum term (),
(solid curve) and of the ), X A, term (dashed curve) for
the same cases of the left panels. The crossing between
these two curves at nonzero L determines the position of a
e-s resonance.

Starting with the case L = 0, we see that L, = —2L, =
—2L, =~ few X 1073 can be dynamically generated at the
onset of the flavor conversions (at 7 =< 80 MeV). Since the
active asymmetries are opposite, they tend to decrease,
reaching flavor equilibrium (L = 0) at 7 = 10 MeV. At
T = 30 MeV, when collisional rates slow down enough
(see Fig. 1), sterile neutrinos are produced without any
hindrance (see Fig. 4).

T T
6 4 L=0 1
|O 2, -
< 0 < )
o T?F =
< -4t ‘ g ‘

1 10 10 1 10 10°
20 L=—107% o 4 1
o o ] o 2 ]
g 727/”“&—7 ; O~ ,,,,,,,, =
Q -4 9 e 2f ]
< 6 n \77::\\‘ n Lo _47 \\ R

1 10 10° 1 10 10°
~ 5
M
s 25
< 0
o ~251
< s
~ 5
[aN]

b 25
< 0
o —25F ] “
< -5 (" il R, —10 MWl R,
1 10 10° 1 10 10°

T (MeV) T (Me\/)

FIG. 5 (color online). (2 + 1) case with L =L, =L, and
@cp = 0. Left panels: Evolution Ap, = paa — Pae for the v,
(solid curve), v, (dotted curve), and v, (dashed curve) for the
different values of initial neutrino asymmetries. Right panels:
Evolution of (), (solid curve) vs Q,, X A, (dashed curve).
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We pass now to the cases with nonzero initial neutrino
asymmetries. In this situation, since 6,, and 6,,; are non-
vanishing, both the active states can have resonances with
the sterile one. Moreover, since for our choice 6,, = 6,
the evolution of Ap, and Ap,, is very similar.

In the case with initial L = —107*, the production of v,
starts at 7 =~ 10 MeV (Fig. 4) when an active-sterile reso-
nance occurs. Also, in the other two cases with L = —1073
and L = —1072, the position of the resonance coincides
with the onset in the rise of p,, in Fig. 4. However, as
commented before, the lower the resonance temperature,
the less adiabatic the resonance. Therefore, the sterile
neutrino production is further inhibited.

B.L,=Ly,, ¢cp=m/2

Fits for laboratory anomalies have been proposed which
include CP violation effects in the sterile sector (see, e.g.,
Ref. [80]). Perhaps more importantly, whenever three or
more neutrinos mix, CP-violating *“Dirac phases’ entering
oscillations are naturally present in the theory. For both
reasons, we find it worthwhile to investigate the impact of
CP violation in our framework.

For this purpose, we include an extra phase in the sterile-
active mixing matrix [Eq. (4)], formally, in the same way the
Dirac phase is introduced in 3 X 3 active neutrino mixing
formalism. The inclusion of CP-violating effects in the
sterile sector could be potentially interesting, since it would
generate an asymmetry among sterile neutrinos and anti-
neutrinos. This could be transferred by oscillations into the
active sector, having feedback on the further growth of the
sterile neutrino abundance. For definiteness, we consider
@cp = /2. Note also that in the full (3 + 1) scenario—
not to speak of the (3 + 2) scenarios with 2 sterile states—
the number of CP-violating phases grows. Therefore, the
present investigation is expected to be conservative in some
respect. We first refer to the case with initial equal neutrino
asymmetries among active species: L = L, = L,. The
evolution of p is shown in the right-upper panel of
Fig. 4, whose comparison with the CP-conserving case
shows that the suppression of the sterile neutrino abundance
due to ¢p is subleading. Indeed, from Fig. 6, one sees that
the growth of the dynamical neutrino asymmetries A p,, for
different initial L, even if it is more irregular than in the case
with ¢cp = 0 (Fig. 5), it is qualitatively similar. This im-
plies that this effect does not significantly alter the flavor
evolution. On the other hand, it is interesting to note that
even in the absence of an initial neutrino asymmetry, the
CP-violating mixing can create a “dynamical” asymmetry
at relatively late times (down to decoupling temperatures),
which is of the order to 107 for the parameters used.

C°Le=_Lu9¢CP=0

We pass now to consider the case in which the initial
neutrino asymmetries in the active sector are opposite for
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FIG. 6 (color online). (2+1) case with L=L,=1L,
and ¢cp = 7/2. Left panels: Evolution Ap, = pua — Paa
for the v, (solid curve), v,, (dotted curve), and v, (dashed curve)
for the different values of initial neutrino asymmetries. Right
panels: Evolution of . (solid curve) vs ., X A, (dashed
curve).

v, and v,, ie., L =L, = —L,. In the absence of CP
violation, this case is represented in the bottom-left panel
of Fig. 4. For a nonvanishing initial L, the sterile neutrino
production is enhanced with respect to the previous case
with equal asymmetries among the different flavors.
Indeed, to achieve a significant suppression of the sterile
species, one needs an initial |[L| ~ 1072, i.e., roughly one
order of magnitude larger than in the previous case.
This behavior can be clarified looking at the evolution
of the dynamical asymmetries Ap, shown for the dif-
ferent initial L in Fig. 7. We remark that since Ap, and
Ap, have opposite sign, resonances can occur simulta-
neously in the neutrino and antineutrino channels. When
these happen, they tend to produce flavor equilibrium
between v, and v, . This leads to a vanishing final lepton
number. When the neutrino asymmetry is destroyed, the
sterile neutrinos can be produced without any hindrance.
This explains the enhancement in the final p,, found in
this case.
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FIG. 7 (color online). (2 + 1) case with L =L, = —L,, and
@cp = 0. Left panels: Evolution Ap, = paa — Pae fOr the v,
(solid curve), v,, (dotted curve), and v, (dashed curve) for the
different values of initial neutrino asymmetries. Right panels:
Evolution of {2, (solid curve) vs {,,, X A, (dashed curve).

D°Le=_L[.v¢CP=7T/2

We now consider the case with opposite initial neutrino
asymmetries and ¢p = 7/2. The evolution of p, in this
case is shown in the bottom-right panel of Fig. 4. The
production of sterile neutrinos is significantly enhanced
with respect to the previous cases. In particular, also for
an initial L = —1072, the final abundance of sterile neu-
trinos is relevant. From Fig. 8, one sees that the flavor
equilibrium between the electron and muon species occurs
at higher T than in the CP-conserving case (Fig. 7). Indeed,
CP-violating effects tend to create an asymmetry in the
sterile sector. This would push the active system earlier to
equilibrium in order to conserve the total null neutrino
asymmetry. Since L is equilibrated at higher temperature
with respect to the CP-conserving case, sterile neutrinos
are produced more efficiently.

E.0,,=0

In the recent literature, models in which sterile neutrinos
mix only with the (mostly) electron ones have been
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FIG. 8 (color online). (2 + 1) case with L =L, = —L, and
@cp = /2. Left panel: Evolution Ap, = pae — Pae for the v,
(solid curve), v,, (dotted curve), and v, (dashed curve) for the
different values of initial neutrino asymmetries. Right panel:
Evolution of {2, (solid curve) vs {,,, X A, (dashed curve).
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FIG. 9 (color online). (2 + 1) case with 6,,; = 0. Evolution of
the density matrix element p,, in function of the temperature 7.
We consider L = L, = L,. The solid curve corresponds to
L = 0, the dashed curve to L = —107%, the dotted curve to L =
—1073, and the dashed-dotted one to L = —1072,
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discussed as well [7]. Hence, we also consider a (2 + 1)
case in which the mixing angle 6 ,; = 0, while 6, is given
by Eq. (6). The evolution of the sterile neutrino abundance
pss in function of T is shown in Fig. 9. For the sake of the
brevity, we only consider equal initial neutrino asymme-
tries L = L, = L, <0. We represent the cases L =0
(solid curve), L = —10~* (dashed curve), L = —1073
(dotted curve), and L = —1072 (dashed-dotted curve).
From the comparison with the analogous (2 + 1) case
with two active-sterile mixing angles (Fig. 4), we see that
the evolution of p,, at different L is qualitatively similar.
However, for nonzero asymmetries, the production of ster-
ile neutrinos is slightly suppressed with respect to the two
mixing scenarios.

As in the previous cases, in Fig. 10, we plot the evolution
of the asymmetries A p , for the different values of initial L.
In the case L =0, a value L, = —L, =~ few X 107> can
be dynamically generated. Since v,,’s are not mixed with
the sterile states, their asymmetry remains identically zero.

1l Lo Lol

1 10 10 1 10 10
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FIG. 10 (color online). (2 + 1) case with 6, =0 and L =
L, = L,. Left panels: Evolution Ap, = paq — Paq for the v,
(solid curve), v, (dotted curve), and v, (dashed curve) for the
different values of initial neutrino asymmetries. Right panels:
Evolution of (), (solid curve) vs Q. X A, (dashed curve).
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The positive L, can generate a v,-v, resonance in the
neutrino sector at 7 = 30 MeV. Then, L, becomes negative
reaching a value L, ~ —107*. After that, the electron and
the sterile neutrinos go toward flavor equilibrium (with
L = 0), reaching it at 7 = 10 MeV. In the case with initial
L = —107%, the production of w, starts at T =~ 10 MeV
when a v,-v; resonance occurs. We note that since (), X
A, is a rapidly oscillating function taking both positive and
negative values, resonances affect both neutrino and anti-
neutrino channels. Then, L, reaches a value ~2 X 1073,
while L,, =~ 0. A second series of resonances occurs at 7" =
4 MeV, leading L, to zero and L, =~ —10~*. In the last two
cases, only one resonance occurs at 7 = 3 MeV for L =
—1073,and T =~ 0.5 MeV for L = —1072. Once more, the
sterile neutrino production is triggered by these resonances.

VI. SEMIANALYTICAL ESTIMATE
OF THE EFFECTS ON BBN

In order to compute in detail the effects of adding a
fourth, sterile neutrino onto BBN, full momentum-
dependent calculations are necessary. This is essentially
due to the fact that the v, and 7, distributions enter the
weak rates regulating the neutron-proton equilibrium and,
eventually, the amount of surviving neutrons which will
mostly end up bound in *He nuclei (plus traces of some
other light elements); see Refs. [81,82] for reviews. We can,
however, provide a crude estimate based on a simple physi-
cal argument, which has already been used before in this
context (see, for example, Ref. [48]). Modifying the neu-
trino sector alters both the Hubble expansion rate and the
overall magnitude of the isospin-changing weak rates I',,
the latter through a change of the neutrino and antineutrino
number density parameterized here by pee.3 Hence, the
freeze-out temperature 7'y, as defined by the condition

Fiso(pee’ TF) = H(Neff’ TF) (37)

is altered with respect to its standard value 7y = 0.8 MeV
due to a higher-than-standard N4 and a lower-than-standard
p..- Both effects go in the direction of increasing T and, as
a consequence, anticipate the freeze-out of n/ p. This ratio is
lower then unity due to the fact that neutrons are heavier
than protons by Q = 1.293 MeV, a non-negligible quantity
compared to the energies involved when T drops to the MeV
scale. Since the “He mass abundance Y » 18 proportional to
the n/ p ratio at freeze-out

Y, (ﬁ) o« ¢~ Q/Tr, (38)
P/ry

3For the present considerations, we assume p,, = p,, and
neglect the further effect of unbalancing n — p vs p — n rates
due to asymmetries L, as well as the modified contribution to the
Hubble rate due to the asymmetries. For all cases considered
here, they produce only subleading changes compared to those
illustrated in this section.
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we obtain the estimate
— = —=~16—, (39

which confirms that we expect an increase in the produced
yield. A simple estimate [48] for the Hubble parameter H =

V22/7 + N.gT? and the weak rates T, « (1 + p,.,)T°
predicts

(40)

i (,/22/7 + Neff>1/3
F b

L+ pe

which immediately illustrates why Y, is comparatively
much more sensitive to alteration of the weak rates than to
the expansion rate via N. A perturbative expansion around
the fiducial values N ; = 3 and p,, = 1 yields

ST 8Y
£ =0.0276N — 0.176p,, — —L
F Yp
= 0.0448N5 — 0.275p,,. (41)

For specific cases suggested by our previous analysis,
e.g., for the (3 + 1) results of Sec. IV, one finds, for
example, that for L = 0, 6p,, = 0, while § N = 1; hence,
one deduces a variation in the helium content of 4.4%,
which is a large number and barely allowed (see, e.g.,
Ref. [23]). For the largest asymmetries we considered,
L] = 1072, the variation in N.; is negligible, while
6p.. = —0.05, implying again a few percent effects on
Y,. For intermediate values like |L| = 1073, one expects
again effects above the 1% level, this time with both terms
contributing. Note that such effects are larger than theoretical
uncertainties and comparable to observational ones; hence,
they do imply that sterile neutrinos cannot be “easily
masked” to BBN: they do have an impact which must be
accounted for in any realistic analysis combining cosmologi-
cal observables. The above estimates should be considered
only as illustrative, lacking a proper account of momentum-
dependent effects in weak rates. We plan to provide a more
reliable estimate of their impact in a future work.

VII. CONCLUSIONS

Light sub-eV sterile neutrinos, suggested to solve differ-
ent anomalies in short-baseline, reactor, and solar experi-
ments [6-9], could play an interesting cosmological role
providing the amount of extra radiation indicated by differ-
ent cosmological observations [17]. However, for the sce-
narios proposed to fit the different laboratory data, sterile
neutrinos would be produced too copiously in the early
Universe by the mixing with the active species. This would
create a tension between the laboratory hints and the
cosmological observations [24]. A possibility to reconcile
sterile neutrinos with cosmology is the introduction of a
primordial neutrino asymmetry [41], which is expected to
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suppress the sterile-active mixing when its strength domi-
nates over the other interaction terms. In this context, we
calculated the sterile neutrino abundance in the early
Universe in (3 + 1) and (2 + 1) schemes solving the neu-
trino kinetic equations for different initial asymmetries.
Considering approximately equilibrium distributions for
the active neutrino species, the flavor dynamics of active
neutrinos plays a subleading role in determining the final
abundance of the sterile species. Therefore, (2 + 1) schemes
are a good proxy for the complete (3 + 1) situation. Starting
with initial neutrino asymmetries equal for the two active
species, |L| = 1073 would be required to have a significant
suppression of the neutrino abundance. Otherwise, sterile
neutrinos would be produced by resonances between the
vacuum term and the evolving (oscillating) active v — ¥
asymmetry potential. Opposite initial neutrino asymmetries
(hence, a globally vanishing lepton number) would cause an
enhancement in the sterile neutrino production compared to
the above case, implying |L| = 10~ to substantially inhibit
their creation. Moreover, in this last case, the presence of
CP-violating effects would further increase the sterile neu-
trino abundance, requiring an even larger initial asymmetry
to prevent their growth. Both the assumptions of nondynam-
ical asymmetries and, to a minor extent, of mixing with a
single active neutrino tend to underestimate the value of |L|
needed for inhibiting the sterile v production.

Coming to phenomenological consequences, this sug-
gests that some proposed ways to reconcile ‘“hints for a
large N’ from CMB with more stringent requirements
from BBN, via the introduction of large chemical poten-
tials (see, e.g., Ref. [24]), are dynamically hard—if not
impossible—to achieve. Whenever CMB feels a large N
due to sterile neutrinos of the kind suggested by laboratory
anomalies, BBN should feel the same. However, the oppo-
site situation is not necessarily true. Even more interest-
ingly, we found that whenever a significant suppression of
the sterile neutrino production takes place thanks to initial
asymmetries, the active neutrinos have partially or mostly
decoupled. This implies that the (small) fraction of them
which oscillates into sterile states is not repopulated.
Hence, one expects different possible regimes: for too-
small asymmetries, |L| << 1073, the sterile neutrinos are
fully populated, and their ““parent” active neutrino spectra
are repopulated in the thermal plasma. This implies N =
4 [for (3 + 1) scenarios considered here] and a tension with
cosmological mass bounds, which counteracts the modest
fit improvements due to a larger N.¢. Increasing the asym-
metry (|L| = 1073), the effect on N.g becomes less and
less prominent, and completely negligible when |L| =
1072, However, the lack of repopulation of electron neu-
trinos would, in general, produce distorted distributions,
which can anticipate the n/ p freeze-out and hence increase
the “He yield, to which BBN is much more sensitive than
CMB. Finally, for a too-large |L|, no production/depletion
takes place, but these asymmetries in the active flavors
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would then become an interesting cosmological observable
to be associated with sterile neutrinos.

To go beyond semianalytical estimates, especially, to
detail the intermediate regime, one has to relax the average
momentum approximation used in this exploratory study.
Due to the momentum-dependence of the resonant con-
versions between active and sterile neutrinos, a detailed
treatment solving the full momentum-dependent equations
is necessary to derive quantitative phenomenological pre-
dictions. We plan to perform this exploration in a forth-
coming article. Also, note that our study suggests that the
dynamics of sterile neutrinos in the early Universe is quite
dependent on the details of the scenario considered.
Pinning down the parameters favored by interpretations
of the laboratory data in terms of sterile states is crucial
in order to treat, in the most accurate way, only scenarios
which are phenomenologically attractive. Large scans of
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parameter space obtained in too-crude approximations
might miss essential aspects of the problem, which is
intrinsically nonlinear.
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