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Abstract: The cosmological lepton asymmetry, i.e., an excess of leptons over antileptons, is still only
loosely constrained, and might be much larger than its tiny baryonic counterpart. If this is the case,
charge neutrality requires the lepton asymmetries to be confined in the neutrino sector. We recall the
observational effects of neutrino asymmetries on the abundance of light elements produced during
Big Bang Nucleosynthesis and on the pattern of cosmic microwave background anisotropies. We
point to the necessity of solving the neutrino transport equations, taking into account the effect of
flavour oscillation, to derive general and robust constraints on lepton asymmetries. We review the
current bounds and briefly discuss prospects for next-generation CMB experiments.
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1. Introduction

One of the puzzling facts about our Universe is that it appears to be devoid of anti-
matter. This is traced back to a tiny (less than a part in a billion) baryon asymmetry that
was generated in the primordial Universe in a process called baryogenesis. The condi-
tions for baryogenesis to occur were elucidated by Sacharov in 1967, but the underlying
mechanism is still unknown. Whatever the mechanism, sphaleron transitions in the early
Universe are in general expected to produce a lepton asymmetry of the same order of the
baryonic one [1-4]. In spite of this, several scenarios have been proposed where a small
value of the baryon asymmetry can be generated together with large lepton asymmetries,
see, e.g., [5-15]. Large lepton asymmetries can impact phase transitions in the early Uni-
verse [16], the generation of primordial magnetic fields [17], and the decoupling of WIMP
dark matter [18]. They have also been proposed as a way to reconcile the sterile neutrino
interpretation of anomalies observed at short baseline oscillation experiments with cos-
mological constraints on the radiation density in the early Universe [19,20]. Large lepton
asymmetries can be in principle constrained by measurements of the abundances of light
elements and by observations of anisotropies of the cosmic microwave background (CMB).
Current constraints are, however, many order of magnitude weaker than the baryonic
measurement. In the following, we will review present constraints and discuss prospects
for future experiments.

2. Baryon and Lepton Asymmetries

The baryon asymmetry of the Universe can be quantified by the quantity Yz = (1, — 713,) /5,
where s is the entropy density, while 1, and 7, are the number densities of baryons and
antibaryons, respectively. In the following, we will use a bar to denote the density of
antiparticles. After baryogenesis, no net baryon number is generated, and the baryon
excess per unit volume n, — 7, scales with the cosmological scale factor a like a3. Since
entropy is conserved by the expansion, the entropy density also scales like 4%, and the
baryon asymmetry Y is constant.
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Well after the time of electron—positron annihilation, i.e., at temperatures < MeV, the
entropy density is related to the number density of photons 1, by s = 7.04n,. Today, evi-
dence suggests that 77, ~ 0, and we can relate Y}, to the baryon-to-photon ratio 7, = n,/n,
through Yg = 0.147, for T < MeV. The present CMB temperature T,, = Tcyp = 2.73 K, to-
gether with measurements of the baryon density from the observations of CMB anisotropies
of the Planck satellite [21,22], implies Y; = (8.70 & 0.06) x 10~ 1.

Given the charge neutrality of the Universe, the total asymmetry in the charged lepton
sector should be compensated by the baryon asymmetry (we will not consider here the
possibility that large and opposite asymmetries in the individual charged lepton families
compensate to generate a tiny charge asymmetry). Thus, any large lepton asymmetry
should be confined in the neutrino sector. Analogously to Y, we define the lepton asym-

metry Y] as
— néﬂ' — ﬁza Ny, — ﬁ‘/a ~ My, — ﬁVﬂ
Y = Z( ; + - > ~)" e, (1)
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where ¢ and v denotes charged leptons and neutrinos, respectively, and « = e, u, 7. We
further define Y;, as the asymmetries in the individual neutrino flavours:
Ny, — My,

— i3
Yvazf'
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As we shall discuss in more detail in the following sections, current observations are
compatible with neutrino asymmetries much larger than the baryonic one.

3. Basic Concepts

In this section, we recall some concepts about cosmological evolution that will be
useful in the following. The observable effects of lepton asymmetries crucially depend on
the kinetics of the cosmological plasma when the temperature of the Universe is around
1MeV (referred as the “MeV era”), corresponding to roughly 1s after the end of inflation,
thus we will mostly focus on that period. We will neglect for the moment the effect of
neutrino flavour oscillations, that typically become active for T < 10MeV, and will be
discussed in Section 5.

At temperatures T > 1MeV, but well below the muon mass ~ 100 MeV, the cos-
mological plasma is composed of protons, neutrons, photons, electrons/positrons and
neutrinos/antineutrinos. At such times, the Universe was radiation-dominated, meaning
that ultrarelativistic particles gave the dominant contribution to the total energy. In this case,
the expansion follows the Friedmann equation for a radiation-dominated Universe [23]:

871G 172 T2
HT) = (55 0ua) = 166/5. (D) ©)
P

where p,.q is the energy density of ultrarelativistic particles (“radiation”), H is the Hubble
parameter, i.e., the cosmic expansion rate, T is the temperature of the plasma, Mp) is the
Planck mass, and the quantity g.(T) quantifies the contribution of particle species with
m < T to the total energy density (see Kolb and Turner [23] for the exact definition). For
1MeV ST < 100MeV, g, = 43/4.

The components of the plasma are kept in thermal equilibrium by standard model
interactions. In particular, the weak interaction rate I';, ~ Gr T, where Gr is the Fermi
constant. It is straightforward to see that the condition I';, > H holds for T > 1MeV,
so that neutrinos are kept in flavour eigenstates and in equilibrium with the rest of the
plasma, and their distribution functions are Fermi-Dirac with temperature T and chemical

potentials pi,:
1
frulp) = —mg— a=enr. (4)
e 1T +1
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Chemical equilibrium further implies that the chemical potential of antineutrinos is oppo-
site to that of neutrinos, 71, = —p,. The dimensionless chemical potentials (degeneracy
parameter) ¢, are defined as ¢y = yo/ T. From the distribution functions, one can compute
the number density 7, and energy density p,, of neutrinos as:

= (271.[)3 /dBva(P)) Py = (2711)3 /d3ppfv(p). (5)

and similarly for antineutrinos. Note that in the expression for the energy density we have
approximated E ~ p for neutrinos at early times.

When the temperature drops below a few MeVs, the weak interaction rate becomes
smaller than the expansion rate and neutrinos decouple from the cosmological plasma.
Slightly after, at T' ~ m,, electrons and positrons annihilate away and transfer their entropy
to the photons, increasing their temperature with respect to neutrinos. In the limit in
which neutrino decoupling happens instantaneously, entropy conservation dictates that
the neutrino temperature relative to the photons is T,/ T,, = (4/11)!/3 after decoupling. In
reality, decoupling is not instantaneous, and neutrinos share some of the entropy transfer
from the electrons/positrons. Moreover, more energetic neutrinos stay coupled for a longer
time. The net result is that the process of decoupling imprints spectral distortions in the
neutrino distribution functions, and that after decoupling neither their temperature or
chemical potentials are strictly speaking well defined. However, the spectral distortions are
very small, at least in the standard scenario; thus, for qualitative discussions, it can still be
useful to think in term of thermal distribution functions. We will return in more detail on
the topic of neutrino decoupling in the next section.

As we shall see below, cosmological observables are sensitive to the contribution of
neutrinos to the total energy density. The energy density during the radiation dominated
era and well after e"¢™ annihilation is usually parameterized in terms of the effective
number of relativistic species Ng, which is the energy density of radiation other than
photons, in units of the energy density of an instantaneously decoupled neutrino species
(including antiparticles), with vanishing chemical potential. It is defined through [24]

7/ 4\*¥3
1+8<11> Neff]. (6)

The definition is built in such a way that N = 3 if (i) there are no other light species
other than photons and neutrinos, (ii) neutrinos have a thermal distribution with vanishing
chemical potential, and (iii) decoupling is instantaneous. In the next sections we will discuss
the impact of relaxing (ii) and (iii). We anticipate however that the standard theoretical
prediction for Neg for active neutrinos is Neg = 3.044.

For the moment, let us note that if the neutrino distribution is still thermal, but with
nonzero chemical potential, then the sum of the neutrino and antineutrino energy densities

for a single species is
30/8\% 15/¢&\*
1+ 7<7I> +7(7‘[) Pv+V|g:0- (7)

A chemical potential therefore produces an excess in N given by:

ANgg(E) = [370 (i)2+175(i)4] ®

Prad = Py

Pv+v =
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We conclude this section by noting that, in the case of a thermal spectrum, the
neutrino asymmetry can be expressed in terms of the chemical potentials using n,, =

27) 72 [ fudp:

T %, +G
Yy, = s
62 s

3
~ (35x107?%) (ga + f;;) , ©)
where the last equality holds for temperatures 1 MeV < T < 100 MeV. Then the primor-
dial (i.e., at T > 1MeV) lepton asymmetries can be parameterized through the primordial
neutrino degeneracy parameters ¢.

Note that the relations in Equations (7)—(9) are exact. In fact, even if the number and
energy densities of neutrino and antineutrino separately cannot be expressed in terms of
elementary functions (they can however be expressed using polylogarithms), still the differ-
ence of the number densities (Equation (9)) and the sum of energy densities (Equations (7)
and (8)) of neutrinos and antineutrinos take the simple forms reported above.

4. Cosmological Observables

Neutrino asymmetries could, in principle, leave an imprint in cosmological ob-
servables, in particular in the abundance of light elements and in the pattern of CMB
anisotropies. We discuss these imprints here.

4.1. Light Element Abundances

Light elements—D, 3He, *He, “Li—were produced in the early Universe, at temper-
atures ~ 1MeV, in a process called Big Bang Nucleosynthesis (BBN). For what concerns
cosmological parameters, the yield of light elements produced during BBN depends on the
density of baryonic matter, that sets the total amount of baryons (protons and neutrons)
available to build light nuclei, and on the thermal and expansion history during the MeV
era, that sets the initial neutron-to-proton ratio (see below) and the time for which nuclear
reactions are effective before the temperature of the Universe becomes too low. Public
BBN codes like PArthENoPE [25-27] or PRIMAT [28] can be used to compute primordial
abundances as a function of the relevant BBN parameters.

In the standard cosmological model, the thermal history—essentially the function
T(t)—during the MeV era is fixed; the only free parameter would be an overall normaliza-
tion of the temperature, that is set by the measurement of the present photon temperature,
i.e., of the CMB temperature. The light elements abundances are thus determined only by
the baryon density. This can be expressed in terms of the density parameter of baryons
wy = Oh?, where Q) = p,/pc is the ratio of the baryon density to the critical density
pc = 1.88 x 107212 g cm~3, and h is the Hubble constant in units of 100 kms™"Mpc~'.
The density parameter wj, is constrained by measurements of the CMB anisotropies. The
legacy data of the Planck satellite have allowed to determine wy, at the subpercent level:
100w;, = 2.237 £ 0.015 at 68% CL. In extended models with a nonstandard value of N.g,
BBN is also affected by the expansion rate at a given time being modified due to the
different amount of radiation at the right-hand side of Equation (3).

From the observational point of view, the primordial *He abundance can be be de-
termined through recombination emission lines of helium and hydrogen in blue compact
galaxies. Based on a compilation of recent results, the PDG reports [29], for the primordial
mass fraction of *He, Y, = pay,/pp:

Y, = 0.245 £+ 0.003, (68%CL), (10)

where the uncertainty includes both statistical and systematic errors, with the latter dom-
inating. Deuterium is instead measured through high-resolution spectroscopy of high-



Symmetry 2024, 16, 1657

50f 15

redshift, low-metallicity quasar absorption systems. The PDG recommended value for
D/H, the D number abundance relative to H, is

D/H = (2547 £0.029) x 10™°.  (68%CL). (11)

We now discuss the impact of neutrino asymmetries on light element abundances. As
mentioned above, the outcome of BBN is sensitive to the relative abundance of neutrons and
protons at the time when neutron-to-proton conversion processes freeze out (T ~ 0.8 MeV),
since this determines the “initial conditions” for the synthesis of light elements. In particular,
the neutron-to-proton ratio n/p is set by the weak reactions

n+ve<—>p+e , (12)
n+et «——p+7v., (13)
n<—p+e +v. (14)

An asymmetry between electron neutrinos and antineutrinos will shift the equilibrium of
these reactions and change the value of n1/p at freeze-out. A positive chemical potential
BN for the electron neutrino at the time of BBN, i.e., a larger density of neutrinos, will
shift the reactions towards the right and result in a smaller value for n/p. The opposite
would happen for ¢, gy < 0. In fact, assuming thermal equilibrium, Pitrou et al. [28]
findn/p=(n/ p);;e:()e"ger BEN | Another effect comes from the increase in the total neutrino
and antineutrino energy density associated to a chemical potential as in Equation (8). The
extra energy density causes a faster expansion, i.e., a smaller age of the Universe at a given
temperature. At the onset of BBN, corresponding to the time when deuterium synthesis
starts (T ~ 0.07 MeV), the neutron-to-proton ratio is smaller than its freeze-out value due to
weak neutron decays. A faster expansion reduces the time elapsed between freeze-out and
the onset of BBN, slightly increasing 1/ p. Note that this effect receives contributions from
all neutrino flavours: a degeneracy in the y or T neutrinos does not alter beta reactions,
but will still change the expansion rate. This increase is however quadratic in ¢, while the
suppression in 1/ p at freeze out due to the altered chemical equilibrium of weak processes
is exponential, so the latter dominates unless ¢, < ¢y 7.

The net effect of electron (anti)neutrino chemical potential on the abundances of light
elements was estimated numerically in Pitrou et al. [28] using the PRIMAT code. For the
helium-4 abundance Y, they find:

Yp(Gu,) = Yplg,_ge 9%, (15)
while for the deuterium abundance relative to hydrogen, D/H
D/H(Gv.) = D/H|g, g o~ 0538w (16)

From these dependencies, it can be seen that percent measurements of Y, and D/H as in
Equations (10) and (11) would provide a similar sensitivity the the chemical potential of
the electron neutrino.

4.2. CMB Anisotropies

The CMB photons have decoupled from baryons at early times (T ~ 0.3eV, thus
much after BBN), shortly after the time protons and electrons combined to form hydrogen
atoms (a process oddly called hydrogen recombination), when the sudden drop in the
density of free electrons made the Universe transparent to the propagation of light. The
CMB displays small (~10~°) anisotropies, generated by acoustic oscillations of the photon-
baryon fluid. The anisotropies trace correspondingly small fluctuations in the density and
velocity of photons, and in the gravitational potentials, at the time of CMB decoupling,
roughly 400,000 years after the end of inflation.
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CMB anisotropies are also sensitive to neutrino chemical potentials. In fact, CMB
observations allow to measure both N and Y). Planck 2018 observations of the CMB
anisotropies [22] (In this paragraph we quote numbers obtained using the information
from both temperature and polarization anisotropies, and from reconstruction of the CMB
lensing potential. This is the likelihood referred as Planck TT,TE,EE+lowE+lensing in the
Planck papers.) constrain Neg = 2.89 4-0.19 (68% CL) when Y, is computed consistently
from Neg and wy. If instead N is fixed to the standard value 3.044, and Y), is left free
to vary, Planck data yield the constrain Y, = 0.239 £ 0.013 (68% CL). Note that this is a
factor ~ 4 less constraining than the result from direct astrophysical measurements in
Equation (10). Given that the sensitivity to both Ng and Y, stems from their effect on
the damping tail (see below), it can be expected their estimates to be strongly correlated.
Indeed, if both parameters are left free to vary, one obtains, at 68%CL, the looser constraints

Nege = 2.84%07, (17)
Y, = 0.247 +0.018. (18)

A graphical comparison of the constraints can be seen in Figure 1.
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20 25 3.0 35 2.0
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Figure 1. Constraints on Neg and Y), from Planck 2018 temperature, polarization and lensing data.
The shaded yellow ellipses show the 68% and 95% regions when both Ng¢ and Y}, are left free to
vary. The blue bands show constraints on each individual parameter when either N is fixed to the
standard value Ng = 3.044 (for Y}) or Y} is computed according to the standard BBN picture (for
Nesf). The dashed lines are the curves of constant r; /s, according to Equation (20).

We now discuss what makes CMB anistropies sensitive to Neg and Y, and then, in turn,
to neutrino asymmetries. Small-scale fluctuations undergo diffusion damping (also known
as Silk damping), resulting in an exponential suppression below the photon diffusion scale.
The mean squared diffusion distance r at recombination is

ax
i = ”2/0 %F(Pb/m)/ (19)
where a is the cosmological scale factor, a. its value at CMB decoupling, or is the Thomson
cross-section, #, is the density of free electrons, and the function F appears due to the
directional and polarization dependence of Thomson scattering (see, e.g., [30] for the
explicit expression). CMB observations show that the projected scale of the photon diffusion
length is around 5 arcminutes.

The damping scale is sensitive to neutrino asymmetries in two ways. CMB decoupling
happens after the end of the radiation-dominated era, but close enough that radiation still
gives a nonnegligible contribution to the total density. The extra contribution to Neg from
Equation (8) will thus increase the expansion rate H and decrease the damping length as
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~1/+/H. The density of free electrons 7, is instead sensitive to the helium abundance Y.
In fact, since hydrogen and helium recombine at slightly different times, the evolution of
free electron density depends on their relative abundance. Helium recombines earlier than
hydrogen, due to its larger ionization energy, so that the density of free electrons decreases
faster with larger helium fraction. This in turns increases the photon diffusion length. The
recombination of helium happens so early that is a good approximation to consider it is
completely finished when the CMB starts to decouple and diffusion damping is effective,
so we can write 77, o (1 —Y}).

The Silk damping scale is projected to an angular scale that depends on the distance
to CMB decoupling (and on the spatial curvature of the Universe if it is not assumed to be
flat). This is only known with some uncertainty that would in principle prevent a precise
determination of r; from observations. However, as noted by Hou et al. [30], one can take
the ratio of r; with another characteristic length scale that is imprinted (after projection) in
the CMB anisotropy pattern. Such a ratio would be independent of projection effects. The
other length scale is the sound horizon at recombination 7, i.e., the distance traveled by
a sound wave until recombination. This distance sets the positions and the characteristic
spacing of the peaks observed in the power spectrum of CMB anisotropies. The sound
horizon rs « 1/ H, thus, the ratio r;/rs < vV H « (1+ CNeff)1/4 where ¢ = (7/8)(4/11)*/3,
and we have used Equations (3) and (6). Inserting also the dependence of n, on Y,
eventually one should expect 4 /75 & (14 cNegt)'/#/ /T = Y,. This is basically confirmed
by a more refined numerical analysis, with the only change that the exponent of the 1 + c N

term is 0.28 rather than 0.25: 028
ra  (1+cNeg)™

N

Observations of the CMB small-scale anisotropies allow to pinpoint the ratio r;/7s

quite precisely: the Planck 2018 results allow a determination at the few per mille level,

as it can be inferred, e.g., from Table 2 of Aghanim et al. [22]. This is what allows to

constrain Neg and Y, with their respective uncertainties. In order to obtain insight on how

a determination of r;/rs implies for a neutrino chemical potential, we can Taylor expand
Equation (20) around ¢ = 0. Keeping terms up to order ¢, we obtain

(20)

rq rq

. . (1 — 0157 + 0.16252) . 1)

=0

where we have assumed that the chemical potentials of the three flavours are all equal.
This implies, for the sensitivity A

 Alrg/rs)
Ag =6 rd/rs

(22)
so that a few per mille determination of r;/rs corresponds to a sensitivity to values of
& ~ 1072. Note that most of the sensitivity comes through Y, if we turn off the dependency
on this parameter, the r; /7s —  relation is quadratic in ¢ at leading order, and the sensitivity
to ¢ is considerably degraded. Thus, although if we have assumed that the chemical
potentials are the same, the relation in Equation (22) is still supposed to hold for the
electron neutrino chemical potential even if this is not the case, as long as |Ge| > [5,<|-
In fact, we have explicitly verified this in the case ¢;, = {r = 0. In Figure 2, we plot the
likelihood of ¢ assuming a measurement of r;/rs with 103 accuracy, in the two cases
Ge 2 Cu,r and ¢, = 0. Specifically, considering an uncertainty o(rg/rs) = 1073 —3 x 1073,
the 95% upper bound for || (the likelihood does not depend on the sign of ¢ at leading
order, thus we quote sensitivity to |¢|) falls in the range 0.012-0.04. If §, = 0, the 95% upper
bound for [, | is instead in the range 0.20-0.35.
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Figure 2. Ax? (relative to the case of vanishing chemical potentials), as a function of ¢. In both panels
we assume a determination of the ratio r;/rs from CMB observations, with relative accuracy ranging
from 103 (leftmost curve) to 3 x 1073 (rightmost curve). The horizontal lines correspond to 95%
and 99% frequentist CLs. (Left): case {, 2, &y« (see text for details). (Right): case ¢, = 0. Note the
different scale in the horizontal axes of the two panels.

In this section, we have implicitly assumed that neutrino chemical potentials are still
well-defined, or equivalently that neutrino distributions are still thermal, at the time of
BBN and CMB. This is not however strictly the case since neutrino decoupling introduces
spectral distortions. Moreover, even if the spectral distortions are small enough to make a
description of the neutrino fluid in terms of (effective) temperature and chemical potentials,
flavor oscillations allow to redistribute the asymmetries among the flavors. Thus, the
chemical potentials discussed in this section are not necessarily equal to their primordial
values. The relation between the primordial asymmetries and those at later times, relevant
for BBN and CMB, is not trivial. This will be discussed in the next section.

5. Neutrino Transport

We have so far implicitly assumed that the effect of neutrino asymmetries is completely
encoded in the neutrino chemical potentials. This is not however really the case, because
chemical potential and temperature are well-defined only in thermal equilibrium, when
the distribution functions have the form in Equation (4). While this is the case well
before neutrino decoupling, i.e., for T > 1MeV, it is not true at later times, neutrino
decoupling being essentially a departure from equilibrium process. In order to obtain
accurate predictions, one thus has to follow the evolution of the asymmetries themselves,
Equation (2), which are always well defined. Note however that we are still allowed to refer
to the degeneracy parameters at early times, when thermal equilibrium holds, as setting
the initial conditions for the evolution of asymmetries.

Another complication comes from the fact that neutrinos undergo flavour oscillations.
Even in the “standard” case of vanishing lepton asymmetries, a precision calculation of
neutrino decoupling requires to account for the effect of neutrino oscillations. Such a
calculation was first presented in Ref. [31], and other studies refined the analysis in the last
decade [32-35]. The inclusion of neutrino flavour oscillations and QED finite temperature
corrections to the plasma equation of state leads to the standard prediction Nyg = 3.044.

Oscillations are typically active at T < 10MeV. In fact, the oscillation length
Lo%¢ = 47tE /| Am?| for all pairs of mass eigenstates is larger than the Hubble length H~! at
temperatures above a few tens of MeVs. The intrinsically quantum nature of the process
entails employing the density matrix formalism to describe the neutrino ensemble [36]. The
diagonal elements of the density matrix in the flavour basis are the distribution functions,
while the off-diagonal elements describe flavour coherence. The density matrices of neutri-
nos and antineutrinos ¢ and o are evolved using the Quantum Kinetic Equations (QKEs).
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Here, we give some details on the formalism of QKE for neutrino transport in the early
Universe. See, e.g., Froustey et al. [33] for further details. The QKEs read:

J 2\ E,+P, 4K,
(at pap) = z[ 2v2Grp ( n, + 322> +V2GrA, 0|+ (23a)
a a Mz E,+P, 4E, =

Here, H is the Hubble parameter, M% = UM2U' with M the neutrino mass matrix in the
mass basis and U the Pontecorvo-Maki-Nakagawa—-Sakata (PMNS) matrix, E, and [P, are
the diagonal matrices of charged leptons+antileptons energy densities and pressures, E,
is similarly defined for neutrinos (note that P, = %EV for relativistic neutrinos, hence the
factor 4/3 in front of the E, term), A is the matrix of neutrino asymmetries:

1
AzNV—Nﬁ:W/(e—@)d%, (24)

and Z is the collision term, accounting for scattering with charged leptons, scatterings
between neutrinos, neutrino pair production and annihilation.

We briefly comment on the physical meaning of each term appearing in the commuta-
tor at the right-hand side of the QKEs. The first term is the vacuum term, i.e., the neutrino
kinetic term, that is diagonal in the mass basis. The remaining terms in the commutator,
proportional to Gr, describe matter effects through the mean-field potential generated
by interactions with the particles in the plasma. In particular, the term proportional to
A is the neutrino/antineutrino asymmetric mean field potential arising from the V — A
Hamiltonian. Note that, in principle, a corresponding term for the charged leptons should
appear in the QKEs, but it can be neglected given the expectation that charged lepton
asymmetries should be small to ensure charge neutrality of the Universe.

Equation (23a,b) are supplemented by the continuity equation for the expanding Universe:

p+3H(p+P)=0, (25)

where p and P are the total energy and pressure of the plasma.

The QKE are evolved numerically starting at high enough temperatures, T > 1MeV,
when weak processes keep neutrinos in thermal equilibrium and in flavor eigenstates.
A suitable change of the time and momentum variables turns the QKE into ordinary
differential equations. The diagonal elements of the density matrices at the initial time
are therefore given by the Fermi-Dirac distributions (4) while the off-diagonal elements
are zero.

In presence of lepton asymmetries, oscillations allow to transfer them between the
different flavours. The impact of flavour mixing on the cosmological evolution of lepton
asymmetries has been studied, at a varying level of detail, in several works in the last two
decades. Here, we briefly summarize the current status, and refer the reader to Refs. [37-50]
for further details. Flavour mixing tends to drive the asymmetries towards an equilibration,
although this is not always reached in general. Dolgov et al. [40] were the first to note
that oscillations often lead to equalization of the chemical potentials. In this case the
constrain from *He abundance (see previous section) applies to all flavours. However,
other analyses pointed out the equalization does not always happen, and that fine-tuned
initial conditions can prevent it [38]. Also, the degree of equilibration depends on the
value of the 63 mixing angle [42,43]. Still, equalization of the y and T asymmetries has
been for a long time thought to happen in general, given the early onset of fast y — T
oscillations. However, recent studies have argued that also # — T equalization is not in
general guaranteed [46,50]. Solving the QKEs for the neutrino transport is in any case
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necessary to connect the primordial asymmetries, or equivalently the primordial chemical
potentials, to the cosmological observables.

When oscillations are taken into account, initially large asymmetries do not necessarily
lead to a large value of N as it would be inferred by a naive application of Equation (8).
The reason is an interplay between flavour mixing and collisions [41]. The approximate
redistribution of the asymmetries caused by oscillations is associated to a reheating of the
neutrinos. In other words, the extra entropy associated to the asymmetries is converted
to a larger temperature. Then, if neutrinos are still thermally coupled to the plasma
when oscillations are effective, collisions will further transfer this entropy, cooling the
neutrinos and heating the plasma. In the limiting regime of perfect averaging of the
chemical potentials (for the discussion in this paragraph we are neglecting neutrino spectral
distortions generated during the evolution, thus assuming that chemical potentials are
always well defined) occurring well before neutrino decoupling—which, we stress again, is
not guaranteed to happen—neutrinos will end up sharing a common temperature with the
plasma (before eTe~ annihilation). Thus, the contribution of the asymmetries to ANeg is still
given by Equation (8), just with all {, equal to their common value. Given the functional
dependence of AN, on the &y, the final value of AN will be smaller than its initial value
(From the mathematical point of view, this is basically a consequence of AN being a
convex function of the ¢,’s. Then the discrete version of Jensen’s inequality implies that the
AN,gs computed with the average chemical potential is smaller that the average of ANg).
If instead the entropy transfer from neutrinos to the plasma is not complete, one should
take also into account the different temperatures; this is not captured by Equation (8) that
assumes equal temperature between neutrinos and the plasma before e~ annihilation. In
any case, an accurate computation of the value of Ny at the times of interest for BBN and
CMB requires to solve the full neutrino transport equations. We illustrate these points in
Figure 3.

0.4f

03}

0.0 02 04 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

fe,in fe,in

Figure 3. (Left): common value of the dimensionless chemical potential after equalization g,
as a function of the electron neutrino chemical potential ¢, ;, before equalization (solid blue line).
We assume that perfect equalization occurs, i.e., G, fi, = Cufin = Gr,fin = Gfin, and that it takes
place well before neutrino decoupling. We use conservation of the total lepton asymmetry and of
comoving energy to relate the initial temperature and chemical potentials to their final value, as in
Section IIA of [50]. We further assume that &, ;; = &y = 0. The dashed black line corresponds to
Cin = Ce/3. The plot shows how the final chemical potential is very close to the average of the initial
values. (Right): Initial (blue) and final (yellow) values of ANy¢ computed from Equation (8) with the
corresponding chemical potentials. Comparison between the curves shows that the final AN, can
be sensibly smaller than its initial value. We also show, as the red curve, the value of AN derived
from the full solution of the neutrino QKE with the same initial conditions [50] (the data used to
reconstruct this curve are publicly available at https://doi.org/10.5281/zenodo.11123226 (accessed
date: 15 November 2024)). This further shows that the assumptions of perfect equilibration of the
asymmetries and thermalization with the plasma, used to derive the yellow curve, can still lead to a
significant misestimation of AN, as compared to the one obtained from the solution of the QKEs.
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6. Current Constraints and Future Prospects

In this section, we review constraints on lepton asymmetries from current measure-
ments of light element abundances and CMB anisotropies. We also discuss prospects for
future experiments.

We will focus on results that have appeared in the last decade. See however
Refs. [42-44,51-57] for previous analyses using various combinations of BBN, CMB and
possibly other cosmological data. Most of these analyses assume flavour equilibration and
a thermal neutrino spectrum, parametrising lepton asymmetries through a single chemical
potential. The exception are Refs. [42—44] that follow the dynamics of the full neutrino
distribution functions through the QKE formalism.

More recently, again under the assumption of perfect flavour equalization and negligi-
ble spectral distortions, Ref. [58] finds, analysing the Planck 2015 data [59], ¢ = 70.002f8:828
at 68% CL (unless otherwise stated, all constraints in the following will be 68% CL). Note
that this limit applies to the “late-time”, i.e., after equalization, chemical potentials. Since
however the total asymmetry is conserved, the above bound implies Y7 < 2.1 x 1073. The
constraint is mainly driven by the Planck sensitivity to the *He abundance. With the same
assumptions, Ref. [28] finds, combining Planck 2015 with measurements of helium [60]
and deuterium [61] abundances, & = —0.001 & 0.016 (Y7 < 0.56 x 1073). Ref [62] derive
instead joint constraints on a number of neutrino properties—mass, number of species,
effective viscosity and speed of sound, chemical potential. In this extended model, they
find ¢ < 0.05 using Planck CMB data together with galaxy power spectrum measurements
from BOSS and eBOSS.

Ref. [63] derives a constraint on primordial lepton asymmetries observing that these,
if present at T > 10° GeV, would trigger a chiral plasma instability which sources helical
hypermagnetic fields. This would in turn, after the electroweak phase transition, contribute
to the baryon asymmetry of the Universe. In order to insure agreement with the observed
baryon asymmetry, the individual chemical potentials should be & < 9 x 10~3. This bound
naturally does not apply to asymmetries produced at T < 10° GeV.

Matsumoto et al. [64] have reported an anomalously low (3¢ below the standard BBN
prediction) measurement of the primordial Helium abundance from the EMPRESS survey,
and noted how this determination, when combined with the deuterium measurement
of Cooke et al. [61], implies a ~ 20 preference for a non-vanishing electron neutrino
chemical potential: ¢, = 0.05f8:8§. Refs. [65,66] have further investigated the implications
for lepton asymmetries of the EMPRESS result. Combining this with CMB data from
Planck, Ref. [66] finds & = 0.043 £ 0.015 [Y; = (1.5 £0.5) x 1073], i.e., the evidence for a
nonzero lepton asymmetry strenghtens to 3. Using instead the PDG recommended value
for the helium abundance [67] they find a value consistent with zero, { = 0.008 & 0.013
[Y, = (0.28 +0.46) x 1073]. Ref. [65] similarly reaches the conclusion that, taken at face
value, the EMPRESS results suggest that today’s lepton asymmetry is large.

Recently, the authors of Ref. [50] have argued that a detailed treatment of the evolution
of neutrino asymmetries in the MeV era is necessary to derive meaningful constraints from
primordial abundances and CMB measurements. Their analysis indeed shows that present
data still allow lepton asymmetries to be very large, even in the electron neutrino sector.

Next-generation CMB experiments targeting anisotropies at small scales, like Simons
Observatory [68] or CMB-54 [69] will bring additional information to constrain neutrino
asymmetries. They are expected to provide precise measurements of the damping tail of
the CMB power spectrum, thus yielding strong constraints on Ne¢ and Y),. For example,
treating the two parameters as independent, CMB-54 might measure N and Y), with
an uncertainty of 0.08 and 0.005, respectively, corresponding to ~ 3% and 2% accuracy
(see Table 4-2 in Ref [70]). In particular, the sensitivity to Y, will improve by a factor 5
over current CMB measurements (for comparison, Planck 2018 yields Y}, = 0.241 + 0.025),
becoming competitive with astrophysical measurements (again, compare with the PDG-21
value Y, = 0.245 £ 0.003). Ref. [66] finds that CMB-54 might be able to put constraints on
& below the 1072 level, assuming equalization of the asymmetries. Ref. [50] has further
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shown that future CMB experiments will provide significant constraints even in the most
general case when equalization is not assumed to occur.

Given the aforementioned EMPRESS hint for a lepton asymmetry 7 orders of magni-
tude larger than the baryon asymmetry, one might wonder how such a large difference
might be produced in the context of baryogenesis scenarios. Even disregarding the EM-
PRESS result, the enhanced sensitivity of future CMB experiments still “only” allows to
probe values of lepton asymmetries many orders of magnitude larger than the baryonic
one, making natural to ask the same question. As briefly mentioned in the introduction,
in standard baryogenesis, electroweak sphalerons are expected to roughly equilibrate Y3
and Y. This can be avoided if the lepton asymmetries are generated below the electroweak
phase transition, when sphalerons are inactive. This is however unlikely in the standard
model, where Tgw~100GeV. In Ref. [6], such a situation is instead realized in a super-
symmetric implementation of the Affleck-Dine mechanism [71], where the large lepton
asymmetries prevent the restoration of the electroweak symmetry at all times after inflation,
suppressing sphaleron transitions. Ref. [9] has shown that a large Yp /Y] ratio can arise
in the minimal supersymmetric model (MSSM) if the two asymmetries are both gener-
ated through the Affleck-Dine mechanism, but along different directions of the MSSM
scalar potential. Other possibilities to generate a lepton asymmetry below the freeze-out of
sphaleron conversion are the decay of topological defects [7], freeze-in leptogenesis [12,13],
resonant leptogenesis [11,14], and Q-ball decays [10,15]. In Ref. [8] it was instead pointed
out that, within the standard model, a large electron neutrino asymmetry is consistent
with a small baryon asymmetry if the total lepton asymmetry is zero (see also [72] for a
realization of this scenario in the framework of leptogenesis). This scenario would hint to
the existence of new flavour physics in the lepton sector.

We conclude by raising two issues that, in our opinion, should be addressed by future
studies. Most of the analyses discussed here model the effect of neutrino asymmetries on
cosmological observables in terms of chemical potentials. As mentioned above, a neutrino
chemical potential is not well-defined after neutrino decoupling. It might however be the
case that, given the sensitivity of current and future experiments, the effect of spectral
distortions might be captured with sufficient accuracy by a description in terms of an
effective temperature and chemical potentials. Most of the analyses, with some notable
exceptions, also assume that flavor oscillations equalize the asymmetries before BBN. This
is, in our opinion, a delicate point since this equalization is not guaranteed to occur, and the
relation between the late-time asymmetries (even if these can be effectively summarized by
effective chemical potentials) and their primordial values is in general non-trivial. Both
these points warrant further investigations.
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The following abbreviations are used in this manuscript:

CMB  Cosmic Microwave Background
BBN  Big Bang Nucleosynthesis
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