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Constraints on primordial lepton asymmetries with full neutrino transport
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Primordial neutrino-antineutrino asymmetries can be constrained through big-bang nucleosynthesis
(BBN) relic abundances and cosmic microwave background (CMB) anisotropies, both observables being
sensitive to neutrino properties. The latter constraint, which is due to gravitational effects from all neutrino
flavors, is very minute since it is at least quadratic in the asymmetries. On the contrary, the constraints from
primordial abundances presently dominate, although these abundances are almost only sensitive to the
electron flavor asymmetry. It is generally assumed that neutrino asymmetries are sufficiently averaged by
flavor oscillations prior to BBN, which allows one to constrain a common primordial neutrino asymmetry
at the epoch of BBN. This simplified approach suffers two caveats that we deal with in this article,
combining a neutrino evolution code and BBN calculation throughout the MeV era. First, flavor
“equilibration” is not true in general, therefore an accurate dynamical evolution of asymmetries is needed
to connect experimental observables to the primordial asymmetries. Second, the approximate averaging of
asymmetries through flavor oscillations is associated to a reheating of the primordial plasma. It is therefore
crucial to correctly describe the interplay between flavor equilibration and neutrino decoupling, as an
energy redistribution prior to decoupling does not significantly alter the final effective number of neutrino
species’ value. Overall, we find that the space of allowed initial asymmetries is generically unbound when
using currently available primordial abundances and CMB measurements. We forecast constraints using

future CMB experiment capabilities, which should reverse this experimental misfortune.

DOI: 10.1103/PhysRevD.110.103551

I. INTRODUCTION

Neutrinos play a major role in various stages of the
history of the Universe, for instance through their effect on
the primordial abundances of elements produced during
Big Bang Nucleosynthesis (BBN), on the power spectrum
of cosmic microwave background (CMB) anisotropies, or
on cosmological structure formation [1]. Consequently, the
Universe can be seen as a vast “laboratory” for exploring
neutrino physics. In particular, the phenomenon of neutrino
flavor oscillations is a direct evidence of the need for
beyond-the-Standard-Model physics. The effect of flavor
oscillations on neutrino evolution is particularly relevant in
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the early Universe when one considers nonzero asymme-
tries, i.e., differences between the distributions of neutrinos
and antineutrinos.

The lepton asymmetry of the Universe is very
loosely constrained compared to the baryon asymmetry,
(np —1p)/n, = (6.10 £ 0.4) x 10719 [2], where n;, (resp.
fi,) is the total number density of baryons (resp. anti-
baryons) and n, the photon number density. This baryon
asymmetry is believed to originate from a dynamical
process (“baryogenesis”). Because of sphaleron processes
in the very early Universe, one would expect baryon and
lepton asymmetries to be of the same order of magnitude
(see, e.g., [3,4]). However, many models have been con-
structed with a large relic lepton asymmetry compared to
the baryon asymmetry (e.g., [5-12]). In addition, nonzero
neutrino asymmetries are promising ways to tackle
some issues in cosmology: for instance, they allow one
to relax constraints on the thermalization of sterile neu-
trinos [13-18]). Extended ACDM models including a
neutrino chemical potential have also been shown to be
able to alleviate cosmological tensions [19-23].

Published by the American Physical Society
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An asymmetry between electron neutrinos and antineu-
trinos changes the equilibrium neutron-to-proton ratio
prior to BBN, which results in modifications of the
primordial abundances. In addition, the energy density
of (anti)neutrinos is modified with respect to the standard,
symmetric case. As a consequence, spectroscopic mea-
surements of the primordial abundances and analysis
of CMB anisotropies, which allow one to determine the
expansion history of the Universe, can be used to constrain
primordial asymmetries. Several studies have therefore
evaluated the impact of including nonzero neutrino chemi-
cal potentials at the BBN epoch—e.g., [24-30]—but
ignoring earlier asymmetry evolution.

This approach is not fully satisfying. Indeed, because of
flavor oscillations that typically become active for temper-
atures T < 10 MeV, the connection between BBN-epoch
and primordial (i.e., at temperatures > 20 MeV) asymme-
tries is far from obvious [31]. In the last decades, major
progress has been made toward a precise and accurate
description of neutrino evolution in the MeV age, including
the effect of flavor oscillations and QED corrections to the
plasma thermodynamics [32-39], which notably led to the
standard prediction for the effective number of neutrino
species, Ny = 3.044." These studies did not include
nonzero asymmetries, which, combined with flavor mix-
ing, give rise to collective phenomena called “synchro-
nous” oscillations [43—47]. Subsequently, various studies
have focused on the impact of flavor oscillations on the
evolution of asymmetries [48—54], also assessing the role of
the CP phase [55,56]. In [57], we developed the first three-
flavor multimomentum neutrino evolution code with asym-
metries that uses the full collision term, instead of the
damping approximation traditionally used for numerical
efficiency. We showed that using the complete collision
term is crucial since oscillations are “overdamped” when
using a damping approximation, and asymmetries are not
generally equilibrated to the same value, hence affecting the
connection between primordial parameters and cosmologi-
cal observables.

We are now in a position to revisit the problem of
constraining primordial asymmetries using BBN and CMB
data, not restricting to equal asymmetries or values set
directly at the BBN epoch and using the actual Standard
Model collision kernel (in the low-energy Fermi approxi-
mation, valid for temperatures very small compared to
my 7). To this end, we will use the measurements of the
helium-4 and deuterium primordial abundances, along with
existing CMB anisotropies and baryon acoustic oscillations
(BAO) data. In addition, following the strategy of [30], we
will forecast how these constraints will be tightened with

lRecently, QED corrections to the interaction vertices, not
considered in the calculations of [38,39], were estimated to
reduce this number to 3.043 [40]. However, subsequent studies
dispute this conclusion [41,42].

future CMB experiments. Note that we will call
“primordial” asymmetries the neutrino reduced chemical
potentials at a temperature ~25 MeV, regardless of how
they were produced.2

This paper is organized as follows. In Sec. II, we
introduce the various elements of our numerical and
statistical analysis: quantum kinetic equations, BBN cal-
culation, and likelihood construction (additional details
are gathered in Appendix A). In Sec. III, we discuss the
physics of flavor asymmetry equilibration and the asso-
ciated thermodynamic effects in an approximate setup,
which provides additional insight on our numerical meth-
ods. Our main results on the constraints of primordial
asymmetries with current experimental data, in different
subregions of the parameter space, are presented in Sec. I'V.
We forecast the future capabilities of CMB experiments
with regard to constraining lepton asymmetries in Sec. V.
Our conclusions are presented in Sec. VI. Useful thermo-
dynamic identities are gathered in Appendix B. In
Appendix C, we discuss the convergence of our resolution
scheme for the evolution of (anti)neutrinos. In Appendix D,
we verify that our conclusions are robust, whether the
deuterium abundance (which is predicted differently by
different BBN codes as they use different deuterium
destruction rates) is included or not.

Throughout this paper, we work in natural units
where h = c = kz = 1.

II. METHODS

As is customary for the study of neutrino decoupling in
the early Universe, we use the dimensionless variables

m, P Ty
. Y=
cm

X =

with m, ~0.511 MeV the electron mass, p = |p| the
momentum amplitude (which corresponds to the energy
for ultrarelativistic particles like neutrinos), and 7, the
photon temperature. The comoving temperature T, o< @',
with a the scale factor, is the temperature of instantaneously
decoupled neutrinos [35]. For vanishing initial asymme-
tries, T, differs from the actual temperature of neutrinos
after decoupling by ~0.1% [38].

The ensemble of (anti)neutrinos is described by the one-
body reduced density matrices ¢(, p), o(t, p) [38,59,60].
Given the homogeneity and isotropy of the early Universe,
they only depend on the magnitude of neutrino momenta
p = |p|- They are 3 x 3 matrices in flavor space; the on
diagonal components generalize the classical distribution

’In particular, a recent work [58] has shown that, because of a
chiral plasma instability, any reduced chemical potential |u,|/T
must be lower than 1072 at a temperature of 10° GeV—this is a
tight constraint that can yet be avoided if asymmetries are
generated below 105 GeV.
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functions, while off diagonal elements account for flavor
coherence. Using comoving variables, we write them as
functions of x and y.

For a given flavor @, we characterize the asymmetry by
the quantity

n,—n 2
are/”®me—%wm.®

e = T, 21?
A. Initial distributions
For T¢pin = m,/x; ~ 25 MeV, which will be the initial

temperature we consider, the high collision rates maintain
neutrinos in flavor eigenstates and at equilibrium, such that
0(xin, y) = diag( £‘jq>, f ,(,iq>, ,(fq)) in the flavor basis, where
the equilibrium Fermi-Dirac distributions read:

(eq) _ 1 __ 1
Yoo T oppd/Ta 41 ¥/ 117 (3)

with T, and p, the initial temperature and chemical
potential, with the associated dimensionless quantities

Ta o
Za . E=te 4)

At the temperature T, ;,, neutrinos are still in thermal
contact with the electromagnetic plasma and e~e™ anni-
hilations have not yet started,” such that Zq = Zin > 1.
Antineutrino initial distributions are identical with opposite
chemical potentials, &, = —¢&,.

Given the distributions (3), the initial asymmetries can be
expressed as

3
(e S ) 1 a2
Nain = Za ( 6 + 67T2> - 62(15(1’ (5)
where we introduce
. &
ga = ga + ]'? ) (6)

a convenient notation for handling the nonlinear depend-
ence of the asymmetry in terms of the reduced chemical
potential. Throughout this paper, &, or &, denote the
primordial quantities, which enter the equilibrium distri-
bution (3) at Tgpi, ~25 MeV. At later times, since
neutrino decoupling is an out-of-equilibrium process,
neutrino distributions deviate from pure Fermi-Dirac func-
tions and we cannot rigorously define a chemical potential
or a temperature.

*We take nonetheless into account the very small deviation
Zin — 1 = O(107°) due to the non-fully-relativistic nature of e*
at Tcm.in~

A quantity that is still defined throughout the evolution
via Eq. (2) is 7,,, which coincides initially with &,/6 [up to
the O(107°) difference between z, and 1] according to
Eq. (5). Our definition differs slightly from the one in
previous literature (e.g., [49-52,61]), where the more
physical parametrization (n, — i) /n,  (2,/2)3E, is used.
However, our choice benefits from the fact that the
processes taking place in the neutrino medium conserve
the averaged asymmetry

it =3 O e )

a=e u,t

Parametrization—We introduce the following paramet-
rization of initial degeneracy parameters:

Eav = Zje+%+gr Ee = Eav + 559
6Ee553_gav© Eﬂ:EaV_%—’_A (8)
AE‘S”_&T Erzéav_%_&

2

In Sec. IV, we explore different subspaces of the three-
dimensional set {Z,, Eﬂ, &,} through specific choices of &,,,
8E,, and A. For instance, equal initial asymmetries among
all three flavors are described by 6&, = A = 0.

B. Neutrino transport

1. Quantum kinetic equations

We start our calculation at 7', ;, = 25 MeV, where we
specify the set of initial asymmetries {Z,, ‘Ew &} and the
value of the baryon density w,. The initial temperature
ratio z;, = z, 1S set by solving the energy conservation
equation p+ 3H(p + P) =0 with all species coupled,
from (x =0,z =1) to (xi, Zin)- The density matrix for
each momentum bin is initialized with the distributions (3).
We then run our neutrino evolution code NEVO [38,57,62]
down to a temperature of a few keV. This provides the
final value of N along with the neutrino distributions
throughout the evolution. NEVO solves the quantum kinetic
equations (QKEs) [38,57,59,60,63]"

a 9, .
Qg”:—mm+m®+$d+n, (9a)
a_ 9, . —_ by

Q(a’; Y) _ HilHo + Hip — T.0] + K, (9b)

“Some  studies suggest that, in some regimes, a treatment
beyond the reduced single-particle level could be necessary, see,
e.g., [64,65].
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where the vacuum term H,, is

x U U", (10)

with H the expansion rate, M? = diag(0, Am3,, Am3,) the
matrix of mass-squared differences and U the Pontecorvo-
Maki-Nakagawa-Sakata matrix; the matter mean field
Hamiltonian H,, reads

1 Eiep + P
T3 X 2V2Gpy—2

H] =
@~ T xH my

(11)

with Eyp, (resp. P,) the diagonal matrix of charged
leptons’ comoving energy densities (resp. pressures),
and the self-interaction mean field is proportional to the
neutrino asymmetry matrix

1 yAdy
j:ETgm X‘/EGF/Zﬂz(Q_Q)' (12)

Note that we neglect a subdominant contribution similar
to (11) involving the (anti)neutrino energy densities.
Finally, the collision terms A, K account for scattering
with charged leptons, scattering between (anti)neutrinos,
and pair creation/annihilation reactions. The full expression
of these two-dimensional collision integrals can be found
in, e.g., [38,62,63]. We compute them using their complete
flavor structure, without any ‘“damping” approximation.
This is the most time-consuming part of the neutrino
transport code: given the parameter sweep we perform in
this study, we limit the momentum grid size to N, = 30
points, linearly spaced from y,;, = 0.02 to y,,.x = 23. This
limited energy resolution leads to a negligible underesti-
mation of N.. For instance, for zero asymmetries, the
absolute difference between Ng|y _30 and Negly g0 is

O(107*), which is much smaller than the precision on N
of current or future CMB experiments. The evolution of z is
obtained via the energy conservation equation, which
includes QED corrections to the plasma thermodynamics
up to order O(e?) [66].

We restrict to the normal ordering of neutrino masses and
take a zero Dirac CP-phase 6 in the mixing matrix, as it was
shown in [57] that, in this situation, having 6 # 0 affects
only marginally N or the spectra of v,, U,, which are the
parameters affecting CMB and BBN observables. All
values for the other physical constants and mixing param-
eters are taken from [67].

Given the increase of frequency of synchronous oscil-
lations when the temperature decreases, a solution to make
the calculation numerically tractable is to use the large
separation of scales among the oscillation frequencies, the
collision rate, and the change rate of the Hamiltonian. It
allows one to accurately describe neutrino evolution by
averaging oscillations and considering that, at each time

step, neutrino density matrices are diagonal in the basis
where the Hamiltonian is diagonal. Adiabaticity being
satisfied (i.e., the effective mixing angles varying slowly
compared to the oscillation frequencies), it is sufficient to
keep track of the three diagonal components of (g, @) in this
slowly time-varying basis. One can then obtain the compo-
nents of ¢ in the flavor basis by using the instantaneous
mixing matrix. The method based on this approximation,
called “Adiabatic Transfer of Averaged Oscillations”
(ATAO), was validated in [38] for standard neutrino decou-
pling and extended to include lepton asymmetries in [57].

2. Asymmetry evolution example

We draw on Fig. 1 an example of result of a NEVO
calculation, for the initial parameters {Z’av =0.1,6¢, =0,
A =2}. The features of asymmetry evolution detailed
in [57] are recovered: for T, ~ 10 MeV, oscillations
develop in the {u,7} subspace, before a conversion with
the e flavor kicks in for 7, ~5 MeV. Throughout the
evolution, the average asymmetry is conserved and remains
equal to the black dashed line on Fig. 1 (top panel). This is a
consequence of the structure of the collision terms, which
satisfy Tr(XC — ) = 0. We found that a linearly spaced
grid in momenta is the best choice to ensure numerical
stability and the conservation of the average asymmetry,
contrary to, e.g., the Gauss-Laguerre quadrature used
in [38]. Collisions are also responsible for the progressive
damping of the amplitude of collective oscillations. At
Tem~2.2 MeV, the solver switches from the ATAO
scheme using the full Hamiltonian in Egs. (9a) and (9b)
[“ATAO-(J £ V)” scheme in [57]] to effectively average
the individual oscillations around V =H, + H,,, only

(“ATAO-V” scheme). This is justified by the o« 755 increase
of the oscillation frequency: these oscillations are so fast
that any physical quantity [like the neutron-to-proton ratio
set by (13)] is only sensitive to their average, whose
evolution is solely dictated by V' and collisions.

On the bottom panel, the dimensionless photon temper-
ature z =T, /T, increases in two stages: the first “bump”
between T, ~ 10 MeV and T, ~1 MeV is due to the
overall reduction of the asymmetries because of flavor
mixing (we discuss this process in details in Sec. III). The
entropy that was “stored” in the neutrino/antineutrino
asymmetry is redistributed among all species through a
common increased temperature. A perfect flavor equilibra-
tion would lead to the value z;,, showed with a dashed
gray line. Although it generally slightly overestimates the
size of the first increase of z, it provides a conservative
prediction for the ratio between T, and T, when the
neutron-to-proton interconversion reactions freeze out.
As we aim to have an accurate description of neutrino
distributions in this period, we adjust the transition temper-
ature Ty, between the ATAO-(J £+ V) and ATAO-V
schemes by rescaling the default value T, = 2.2 MeV
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FIG. 1. Outputs of neutrino evolution from NEVO, for the initial parameters {Zjav =01, =0.1, Eﬂ —& = 4}. Top: neutrino flavor
asymmetries. The frequency of synchronous oscillations increases as T, decreases. Bottom: comoving photon temperature. The first
increase in z, for 10 MeV > T, > 1 MeV, is due to the (imperfect) mixing of flavors and the associated increase in entropy, as
explained in Sec. III. The dashed line, denoted z,,;x, would correspond to perfect flavor equilibration, which is not achieved here and
highlights the need for an accurate calculation of neutrino evolution. The vertical colored lines identify the approximate temperature of
neutron-to-proton weak freeze-out (T, o ~ 0.8 MeV) and the beginning of deuterium burning (7', nye ~ 0.07 MeV).

via Tyans = Twans/Zmix- In addition, there are particular
configurations that lead to delayed oscillations, in which
case it is crucial to switch to an ATAO-V scheme much
later. Our code deals with this issue by decreasing 7', if
the evolution is particularly “smooth,” which can indicate
that there were too few oscillations above T, This
adaptive T, 1S thus in some cases down to 1.0 MeV
to ensure the accuracy of our results. We demonstrate in
Appendix C the need for this method to probe the actual
features of asymmetry mixing.

The second “bump” in z, for T, ~ 0.1 MeV, is due to
electron-positron annihilations, which mainly reheat pho-
tons and only marginally neutrinos. During this phase, the
asymmetries 7, are constant (see top panel); we note their
values 72BN, We identify the temperatures corresponding to
the weak freeze-out of n/p conversion (T, o ~ 0.8 MeV)
and the beginning of nucleosynthesis (T, nyc ~ 0.07 MeV).
The value of the electron neutrino asymmetry at 7', go is
key to determine the neutron-to-proton ratio at the onset of
BBN and then the final abundances [68]. Note that, due to
the different values of z at these two epochs, the ratios
T, ro/Temrpo and T nye/Temnue are different.

C. Big bang nucleosynthesis

The output from NEVO, namely, N and (anti)neutrino
distributions (thus including the spectral distortions

incurred in the decoupling process), is used as input in
the BBN code PRIMAT [27]. This Mathematica code
computes the primordial abundances of light elements
up to CNO isotopes in three main steps

(1) first, the background thermodynamics are deter-
mined [i.e., the function a(T,) and inversely] con-
sistently with NEVO results—neglecting the effect of
baryonic matter is justified by the very small value of
the baryon-to-photon ratio 7, ~ 6 x 1071%;
second, the weak neutron-to-proton interconversion
rates are tabulated as a function of temperature,
including radiative, finite nucleon mass, and weak
magnetism corrections and also taking into account
the nonthermal part of electron (anti)neutrino dis-
tribution functions from NEVO;
finally, the network of nuclear reactions along with
weak interactions interconverting neutrons and pro-
tons is numerically solved down to a temperature
of 6 x 107 K.

BBN abundances depend on the baryon density param-
eter w, = Q,h’, with Q, the baryonic fraction of the
critical density today, and h = H,;/100 kms~! Mpc~!
the present Hubble parameter. w; is an input parameter
in PRIMAT. Given the tight constraints obtained by Planck,
which correspond to a variation range allowed for @, of
less than 1%, we only use the central value from [2],
wpRMAT — (0.02242, in the full PRIMAT calculation and

(i)

(iif)
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estimate the abundances for w, # wfRIMAT

linear variation.

Neutrinos and BBN—Cosmological neutrinos influence
BBN in two ways. The principal effect corresponds to the
change of the neutron-to-proton ratio, which is set by the
weak reactions

assuming a

n+v,< p-+e,
n<p+e +r,
n+et < p+r,. (13)

If we assume that neutrinos are at equilibrium when
the above reactions freeze out (which happens for
T,ro ~ 0.8 MeV), with degeneracy parameters 55N, the
electron (anti)neutrino chemical potential modifies the
equilibrium value via

nn n}'l

g (14)
X e .
p My

£,=0

In addition, the increased energy density compared to the
& = 0 situation leads to a contribution to N

30 BBNY 2 15 BBN\ 4
o SREYSE)] o

a=e.ju,t

This formula does not take into account a possible reheat-
ing zBBN > 1, a valid assumption if we assume that all
initial asymmetries are equal, which is virtually the only
case when this formula can be applied anyway. For a
given photon temperature, the increased energy density
leads to a higher expansion rate, which reduces the time
left to neutrinos to undergo beta decay between weak
freeze-out (T, o) and the onset of nucleosynthesis
(T) Nue ~0.07 MeV). As a consequence, this so-called
“clock effect” [68-70] leads to a higher neutron-to-proton
ratio. However, since it scales like o (EEBN)2, this effect is
very small and is hidden by the changes given in Eq. (14).
Note finally that, because of the same clock effect, there is
less time to destroy deuterium during BBN, which results
in a slight increase in D/H [68].

The net effect on helium-4 and deuterium abundances
coming from an electron (anti)neutrino chemical potential
during BBN was estimated numerically in [27]

Yp o 096 D/H ~ e 053N (16)

£=0 D/H; o

Yy,

In the general case, a quantity such as BN is ill defined,
notably because neutrinos are not at equilibrium and

because neutrino and photon temperatures differ, which
is not assumed in Eq. (14). However, since neutron-to-
proton interconversion freeze-out occurs before the reheat-
ing due to e~e™ annihilations (see Fig. 1), we can estimate
an effective EBBN parameter as

. {6@@ - >] _ {6@«9 - >]

T; 2T
Me
= 6 _

LB} FO

3
:6{”—2} x (—Zﬁ“a‘> . (17)
2" | final <FO

where we used that the comoving asymmetry 6(n, —
ii,)/ T3, is constant during the entire BBN epoch (see
Fig. 1). The ratio of photon temperatures between weak
freeze-out and after BBN is mostly independent of the
particular asymmetries: it is set by the electron/positron
annihilations and is given up to a few percents by
Zfinal/Zr0 = (11/4)1/3 [71]. Therefore, this constant pre-
factor put aside, the effect on primordial abundances should
be mostly determined by the parameter [17,/7’] as will
be confirmed in Sec. IV.

Since helium-4 and deuterium are the only light elements
for which the primordial abundances are well-enough
experimentally constrained, the output of our calculation
is the set of quantities {Ncy,Y,,D/H} that can be
compared to experimental values for ¥, and D/H and to
CMB experiment posteriors for (N, Y),).

final»

D. Likelihood

As explained above, the input parameters of our calcu-
lation is the set of initial asymmetries {&,,a = e, u, 7} and
the baryon abundance w,. When combining CMB and
BBN experimental constraints, we get the likelihood [see
Eq. (A10) and more generally Appendix A]

L(E 0p] €2, Y3, D/H™)
= ﬁcMB(wlw N 2?1%2,)’ pf?iim)
X N (Y Y, 1 oy,)

x N (D/H™; D/HE | o ). (18)

We marginalize over the baryon density, such that the final
likelihood is given by

L) = / Qe £(E 2 CO, YIS D/HO™). (19)

Since the allowed space parameter for @, is very narrow
[see Egs. (24a) and (26a)], we only use the central value in
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PRIMAT and linearly extrapolate the obtained abundances,
that is

code
drg
dw b (&, m};RIMAT)

(20)

code .~ y code ___ PRIMAT
p(fa,wb)_yp(fwwl;RIMAT)‘|‘(a)b w, )

the derivative on the right-hand side being numerically
evaluated in PRIMAT for each calculation.

1. BBN abundances

Our reference value for the helium-4 abundance is
the one obtained by Aver et al. [72], while we use the
recommended deuterium abundance value from Kislitsyn
et al. [73] (see also [74,75]), which is slightly smaller
but consistent with the PDG-recommended value [67] (as
they use a different selection of available measurements).
The values read

Yo = 0.2453 + 0.0034 72, (21)
D/H® = (2533 +£0.024) x 105 [73]. (22)

Recently, the EMPRESS survey [28] of extremely metal-
poor galaxies obtained a smaller value for Y gbs with a ~lo
difference compared to (21), namely,

Y gbleMPRESS = 0-2370J—r8.'(())833§ 28]. (23)

This value would indicate a nonzero lepton asymmetry at
the epoch of BBN [29,30]. We will analyze our results
using either (21) or (23) in the following.

The deuterium abundance obtained with PRIMAT for zero
asymmetries is in slight tension with the value (22) [76].
This is a feature of PRIMAT, as other codes predict, on the
contrary, a value for D/H in agreement with (22) [77,78].
The difference comes from different selections of mea-
surements of nuclear data, which result in different
nuclear rates for the D(d, n)*He and D(d, p)*He reactions.
Nevertheless, our results are not qualitatively modified by
this feature—see Appendix D for the same analysis as
Sec. IV but removing the D/H measurement from our
likelihood.

2. CMB anisotropies

We approximate the likelihood obtained from CMB
anisotropies by a normal distribution in the three param-
eters (wp, Ner, Yp,), see Eq. (A9). We must therefore
provide the means of the former parameters and their
associated covariance matrix.

We use the Markov chain Monte Carlo (MCMC) sampler
Cobaya [79] to estimate the means and covariance matrices
from CMB experiments combined with all available BAO

data [80-83]. For Planck [2,84,85] + BAO, we find the
preferred values (denoted with “Planck™ in the following)

®p |pranck = 0.02237 £ 0.00018, (24a)
Nett|lpranck = 3-02 £ 0.28, (24b)
Yp|Phmck =0.244 +0.018 (24c¢)
and the covariance matrix
325x 1078 9.88x10° 1.03x10°°
Spianck = | 9.88 x 107° 0.0794 —0.00378
1.03x 107°  —0.00378 0.000342
(25)
We also considered the combination of all most

recent CMB experiments, adding BICEP/Keck [86], ACT
[87-91], and SPT-3G [92] to Planck + BAO. The means
and the covariance matrix, denoted “all-CMB” in the
following, read:

@5 | aens = 0.02217 4 0.00016, (26a)
NCff‘al]—CMB — 299 :i: 024, (26b)
Yp|a]l-CMB — 0235 :l: 0015, (260)
and
246 x 1078 8.61 x 107® 6.65 x 1077
Zaems = | 8.61 x 1076 0.0592 —0.00283
6.65 x 1077 —0.00283 0.000234
(27)

Note that the primordial helium abundance is currently much
less constrained by CMB experiments compared to the
spectroscopic measurements [Eqs. (21) and (23)], which is
expected since the effect of ¥}, on CMB is tenuous (it affects
the damping tail of the CMB anisotropies by modifying the
density of free electrons between helium and hydrogen
recombination [93]).

III. ASYMMETRY EQUILIBRATION
AND REHEATING

Initially large asymmetries do not necessarily lead to
high values of N or to large asymmetries at the epoch of
BBN. In particular, the “equilibration” of asymmetries is
associated to a global reheating of all the species that are
coupled when this equilibration takes place. As perfect
flavor equilibration of asymmetries is the standard

103551-7



JULIEN FROUSTEY and CYRIL PITROU

PHYS. REV. D 110, 103551 (2024)

assumption in the literature, we discuss first the conse-
quences of this ideal situation, which provides a useful
estimate of the evolution of T, /Ty,.

A. Analytical description

1. Conservation laws

If neutrino flavors could fully equilibrate their asym-
metries while being fully coupled to the electromagnetic
plasma, their distributions after this equilibration would
entirely be characterized by the common temperature
Zmix and the common reduced chemical potential &;y.
Finding two conserved quantities is sufficient to deter-
mine their values.

The first conservation law is exact and is provided by the
conservation of 7] defined in Eq. (7). Indeed, we have for a
given flavor [57]

dg, [yXdy . _ c
1= | 5 CilHo+ Hiep 0+ 2oy +Kaa=Kaa). (28)

such that 3d7/dx =Y, dn,/dx = 0, since the trace of a
commutator is zero and Tr(K — K) = 0.

The second conservation equation corresponds to the
energy density. In the approximation that electrons and
positrons are relativistic, that is for temperatures such that
x/z < 1, all the relevant energy densities redshift as 7%,,. In
that case, p = py/Ten» Where py is the sum on all energy
densities, is a conserved quantity. For a plasma made of
three (anti)neutrino flavors, photons, electrons, and posi-
trons with a shared reduced temperature z = z, , ,, the total
comoving energy density is given by (see Appendix B)

4372 1 £
{1278 Zz(ﬁﬂrﬁ)} (29)

If there is a full equilibration in the regime where electrons
and positrons are still relativistic, we can use these
conservation laws to obtain the shared temperature z;,
and the shared neutrino chemical potential &;,, via

ﬁ({za = 1750:}> -
plz=1.{&}) =

,[A?(Z, {ga}) -

ﬁ({zmiw fmix})’
ﬁ(zmix’ {gmix})’ (30)

that is,

1 - -
525@: = anixémixv (318')

437 1 & 4372 A 3(, éﬁlix 4
m+4 - <§a+_> 120 m1x+ (mix+2ﬂ_2>zmix'

(31b)

2. Entropy variation

This full equilibration is a nonreversible process as the
total comoving entropy is not conserved. Indeed, from the
thermodynamic identity

d [p+P 1.dp d (u

— N — ) === 32

dT( T> TdT+ dT( (32)
valid for each species individually, together with p + P =
4/3p and the conservation of p when electrons and
positrons are assumed to be fully relativistic, we obtain

(using ji, = —p, to relate neutrino and antineutrino chemi-
cal potentials)

d dn,
dx stot/Tcm = Zfa . (33)

Alternatively, this can be obtained from a direct compu-
tation (see Appendix B for the useful formulae), with

tot 43
poo(ilve) o

and using the constancy of p.
Since dij/dx = 0, we can rewrite (33) as

5/ Ton) = == E) =), (39)

with &, = (>, &,)/3. If a given flavor a has a larger (resp.
smaller) asymmetry than the average, that is £, — &,, > 0
(resp. < 0), the “equilibration” leads to’ a decrease (resp.
increase) of 5, — #}. Therefore, the right-hand side of (35) is
positive, which corresponds to an increase of the total
comoving entropy density.

3. Special cases

If the initial asymmetries are small, that is for

&, ~&, < 1, then keeping only terms up to order £2, the
postequilibration plasma is characterized by the following
solution of Eq. (31):

1
fmix zgza:gm
Zmix = 1 +86 5 <Z§

The reheating of the plasma, given by z,,;, — 1, is therefore
very small since it is at least quadratic in the &,. The final
chemical potential of such a mildly asymmetric neutrino

(36a)

8a). GO

3¢, — 1,(&,) is a monotonically increasing function.
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plasma is simply the average of the initial chemical
potentials. The variation of entropy in that case is

Alsu/To) =5 (3 >a- W)@

which vanishes as expected if all initial potentials are
equal (£, = &mix)-

Another interesting case is when chemical potentials are
large, that is when &, > 1. If the different &£, are large but
have similar values, equilibration also tends to the average
chemical potential and no substantial reheating of the
plasma takes place. However, an interesting situation arises
when the initial potentials are large but with typically very
different values such that the average initial asymmetry is
small compared to the energy excess. This situation is
typically realized when

(;53) s > (38)

The final asymmetry when full equilibration has occurred is
then very small and given by

Emix = émlx = 3z 2.3 Zéa - gav

le a le

i 437:4 2’54

Note that this occurs even if >, & is not small, as long
as the condition (38) is satisfied. In that case, the full
equilibration can only be realized by a strong energy
exchange with the electromagnetic plasma, which receives
a substantial part of the energy excess contained in the
initially very asymmetric neutrino distributions. This
implies that z.,;, substantially departs from unity and the
final asymmetry &,; ends up being smaller than unity.
Consequently, N does not depart much from its standard
value without initial asymmetries. As expected, this is
associated with an important entropy variation

1 /43\ /4 3/4
Mol T = (13) (X&) o)

B. Numerical examples

<1 (39a)

(39b)

The previous analytical estimates provide a good
description of the evolution of the asymmetries and the
photon temperature when equilibration is complete. Such
an example is represented Fig. 2, which corresponds to
the initial parameters {,, = —0.3,6, = 1.0, A = 0}. One
must not be led to believe that A = 0, which is the case on
Fig. 2 and not on Fig. 1, is a criterion for flavor

T, (MeV)
101 109 10—t 10—2
0.75 | 6]
0.50 | ¢
— u
L 0.25 | T 4
P
3
< 0.00 | e
[
g -0k S~
NeJ
—0.50 | e
—0.75 | i
14
1.3}
TN
1.1F
| Fmix
1.0 N I Loy o0 0 I |..._
101 100 10-1 102
Tem (MeV)

FIG. 2. Evolution of neutrino asymmetries (7op) and comoving
photon temperature (Botfom) from NEVO for the initial parameters
{&, = —0.3,&, = 0.7, A = 0}. The equilibration of flavor asym-
metries being almost total, the amount of reheating between
10 and 1 MeV is very well described by ;-

equilibration. This is just a coincidence, and results
presented hereafter (see, e.g., Figs. 7 and 9) will highlight
that (in)complete equilibration is a highly nonlinear prob-
lem for which there is no general criterion.

We represent on Fig. 3 the “fully mixed” parameters
(ZmixEmix ) for a range of initial conditions (&,,,6¢, =0,A).
The vertical band around &,, ~ 0 corresponds to the second
situation discussed above [Eq. (38)]: when varying A, we
see on the bottom panel that &, ~ 0, in agreement with
Eq. (39a), while on the top panel we see the rapid
dependence of z,,;, with &,, consistently with Eq. (39b).

Let us stress again that these limiting results are only
valid when the equilibration between flavor species is
complete and takes place before electrons and positrons
become nonrelativistic. This is not the case in general:
equilibration can be incomplete (see for instance Fig. 1), or
collective oscillations can be delayed (see for instance
Sec. IV D). Therefore, in general, computing correctly
neutrino flavor evolution is crucial to adequately constrain
the primordial asymmetries, as we shall show in the next
section. Note that, as explained in Sec. II B, we use z,; in
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1.24

1.21

1.18

1.15

Zmix

1.09

1.06

1.03

1.00

2.4

1.8

- 0.0

Emix

—1.8

—2.4

g av

FIG. 3. Dimensionless photon temperature z.;, (Top) and
common degeneracy parameter &, (Bottom) after perfect flavor
equilibration when electrons and positrons are still relativistic,
given by the solution of Eq. (31). The example point shown on
Fig. 1 corresponds to the gray cross, with coordinates (0.1,2).

the general case to provide an approximate rescaling
between T, and T, during the epoch prior to the weak
freeze-out of n <> p reactions. This allows us to always
switch from ATAO-(J £ V) to ATAO-V schemes in the
same range of 7,.

IV. CONSTRAINTS ON PRIMORDIAL
NEUTRINO ASYMMETRIES

A full exploration of the three-dimensional space of
initial asymmetries (&,.¢,.&;) is out of reach for computa-
tional reasons. We thus restrict the parameter range, first
assuming equal asymmetries (the usual assumption made
in the literature), then generalizing to two-dimensional
extensions.

Our various datasets are available on Zenodo [94].

A. Equal asymmetries

Based on the generic trend that flavor oscillations
tend to “equilibrate” asymmetries between the different

3.058

3.056

3.054

3.052

Neﬁ

3.050
3.048
3.046

3.044

0.27 F

0.26 |

Abundances

—0.05 0.00 0.05 0.10
é—av

FIG. 4. Output from neutrino evolution and BBN calculation as
a function of the initial degeneracy parameter, equal for all three
neutrino species. Top: N, which varies by 0.4% over the range
of asymmetries explored. Botfom: primordial abundances of
helium-4 and deuterium (calculated for the fiducial baryon
fraction), which follow closely the dependency (42). Note that

the deuterium abundance is multiplied by 10* to be plotted in the
same range as Y.

flavors, previous studies have often assumed that,
throughout the range of temperatures of interest, flavor
asymmetries were equal. With such an assumption, there
is a priori no need for a full dynamical calculation and
one can directly include a neutrino chemical potential in
a BBN code to assess the change in primordial abun-
dances and thus constrain £. Note, however, that this
neglects the small out-of-equilibrium effects that can
only be tracked with a dynamical calculation and are
present in our results.

As a check that our general calculation provides con-
sistent results with the existing literature, we first present
the likelihood obtained by assuming, in the initial con-
ditions of NEvO, ¢, = ¢, = &;, which corresponds to the

parameters 658 =0and A =0.

The output values of N and the primordial abundances
Y, and D/H (calculated for the fiducial baryon abundance
wPRMAT — (0,02242) are shown on Fig. 4. The associated
likelihood, introduced in Sec. II D, is represented on Fig. 5.
Note that we restrict our study to the range &,, € [-0.1,0.1],
for which Eav ~¢,, up to a relative difference of 1073,
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1.0 1 —-- Planck
— -- all-CMB
08 - Escudero+ [29]
2
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QL
~
!
= 0.4
0.2 1
0.0 1— o S S—S
—0.10 —0.05 0.00 0.05 0.10
é‘av
FIG. 5. Normalized likelihood as a function of the initial

reduced chemical potential, equal for all three neutrino species.
Solid lines correspond to Y|y, [Eq. (21)], dashed lines to
Y, |empress [Eq. (23)]. The colored bands correspond to the 68%
intervals obtained in [30], with Y|, (green) and Y, |gvprEss

(purple), see Eq. (43).

The expected dependency of N on &,, is given by
Eq. (15) with &, = 5;4 =& =&

= = 90 gaV 2 45 gav 4
Neff({é:a - éav}) - Neff<0) +7 (7> —|—7 <7> .

(41)

This expression is drawn as a light blue dotted line on the
top panel of Fig. 4, which superimposes very well with the
numerical result (we emphasize, however, that our results
include the subdominant effects of the spectral distortions
inherited from neutrino decoupling). Concerning the abun-
dances, the dotted lines on the bottom panel are fits in the
form (16), which read

Y D/H
P p—097e38N / ~e

r —0.54288N
£,~0 D/H|:

v #2)

The small coefficient differences between Egs. (16)
and (42) can be attributed to the several updates of
PRIMAT since the publication of [27].

Our results are consistent with the existing literature. In
particular, we represent on Fig. 5 the recent constraints
obtained by Escudero et al. [30] assuming equal asymme-
tries. They perform different analyses by inputting directly
neutrino chemical potentials in a BBN calculation for
different choices of nuclear rates (following PRIMAT or
PArthENoPE) and fixing N = 3.044 or letting it be a free
parameter that is constrained concurrently. Our calculation
is different in that regard, as N, is not an external,
additional parameter, but it is a consequence of neutrino
decoupling for a given value of &,,. However, given the

range of values taken by N (0.4% variation, see Fig. 4), it
is reasonable to compare our constraints with the N =
3.044 case in [30]. Therefore, the comparable values are

[Escuderot] _ ) 004 + 0.013
[Escuderot] _ () 034 + 0.014

([30]7 Yp|Aver)’
(130]. Yplempress)-  (43)

These confidence intervals are represented in colored bands
on Fig. 5. Our results are in good agreement, noting that
there are a few differences in our implementations: (i) we
take into account nonthermal effects associated to neutrino
decoupling, which are enhanced for a nonzero lepton
asymmetry [61]; (ii) we use a slightly different value of
the deuterium abundance, viz., (22) instead of the value
from [67]; (iii) we include more recent BAO data in our
MCMC analysis of CMB experiments. All this leads to
small differences with [30]. Although assuming equal
asymmetries is a very limiting assumption that artificially
restricts the allowed parameter space, we quote, for future
reference, our 68% confidence intervals for &,,, using all
current CMB experimental data

£, = 0.001 £0.013
£, = 0.030 £0.013

(Yp|Aver)’

(Yp|EmprESS)- (44)
Therefore, the EMPRESS measurement is indeed consis-
tent with a nonzero lepton asymmetry at BBN, but given
the assumptions that lead to this result, one should more
precisely say that if all neutrino asymmetries are supposed
equal, the EMPRESS measurement favors a nonzero value
for this common lepton asymmetry.

B. Equal v, and v, asymmetries

Since BBN is most sensitive to an electronic neutrino
chemical potential (through the change in neutron-to-
proton interconversion rates), it is justified to explore a
range of values of £, different from the average by varying
556. In addition, we will change the average value of the
asymmetries and will therefore show our results in the
plane (&,,, 6&,), with a fixed value A = 0, which represents
a minimal extension of the assumptions of Sec. IV A. Such
a value can be justified by the fact that synchronous flavor
oscillations occur for the y — 7 flavors earlier than e — pu
and e — 7 conversions (see, e.g., Fig. 1). If such oscillations
brought initially different £, and & to their average value,
focusing on scenarios with A =0 would be justified.
However, this assumption is not true in general [53],6 as

will be seen when we explore the effect of A #0 in
Sec. IV C.

’Note that, if 013 =0 and 6,3 =7/4 (maximal mixing),
the p and 7 flavor distributions are indistinguishable at low
temperatures.
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FIG. 6. Results of neutrino evolution and BBN calculation (for
wy, = wfR™AT) for equal v, and v, asymmetries. Top: Ny,
invariant as expected through the transformation (&,,.&,) <
(=&,.—&,), corresponding to a central symmetry. Middle:
primordial helium-4 abundance Y. Bottom: primordial deu-
terium abundance D/H. These abundances share similar patterns
and are mostly determined by the final electron neutrino chemical
potential; see Fig. 7.

The results of our neutrino + BBN calculation on a
regular grid of asymmetries, with &, €[-0.5,0.5] and
6E,€[-12,12], is shown on Fig. 6. Generally, N
increases with larger initial asymmetries, although the
specific patterns are hard to predict. It is worth noting
that a central symmetry, corresponding to the complete
symmetry of neutrino evolution under the exchange
v, < U, for all three flavors, is satisfied.

Such a symmetry does not exist for the primordial
abundances, since they are mainly modified by

0.03

—0.02

—0.03

T
0.0 0.2 0.4
éav

FIG. 7. Final electron neutrino asymmetry, showing the corre-
lation with the primordial abundances in Fig. 6, as expected from
Egs. (16) or (42). The gray band corresponds to potential “equal
but opposite asymmetries” situations, discussed in Sec. IV D. In
particular, Fig. 12 shows results on a zoomed-in grid around the
point identified with a gray cross (Ew = —0.1, 8E, = 0.4).

asymmetries through the change of neutron-to-proton
ratio due to the electron neutrino asymmetry during
BBN, &BBN. We have shown in Sec. IIC that a proxy
for this quantity (which is not properly defined for the true
out-of-equilibrium evolution of neutrinos) is the final value
of (n,/z). It is represented on Fig. 7 and shows the very
same patterns as the abundance plots on Fig. 6, confirming
our physical understanding of the processes at play. We
emphasize to the reader that assuming full flavor equili-
bration would mean that 7, |, = 7ay, thus Fig. 7 would be
invariant along the y-axis (see bottom panel of Fig. 3). This
is not at all the case, with complicated patterns of variation
of , (and the other asymmetries) that result in the patterns
observed on Fig. 6.

Likelihoods—The result of the statistical analysis intro-
duced in Sec. IID is shown on Fig. 8. The results of
Sec. IVA (e.g., Fig. 5) correspond to the line &, — &,, = 0
of the four panels. The case of equal asymmetries is not
representative of the general allowed space of &,. The
shape of the likelihood is highly non-Gaussian (prevent-
ing the drawing of meaningful 68%, 95% contours), with
high asymmetry points—i.e., £, = O(10)—not excluded
by our analysis. Using all CMB data compared to
only Planck’s data reduces the likelihood of these large
£ points, but asymmetries of order unity are still allowed.
As in the restricted case of equal asymmetries, using the
EMPRESS measurement of the helium-4 abundance
pushes the likelihood away from the zero asymmetry
point (0, 0).

Comparison of the likelihood (Fig. 8) and physical
input (Fig. 6) patterns shows that the total likelihood is
mostly determined by the BBN measurements, which is
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FIG. 8. Total likelihood for initial asymmetries in the plane (Eav, 6256), using the Aver et al. value (left panels) or the EMPRESS value
(right panels) of the helium-4 abundance. The CMB likelihood uses Planck + BAO data (top panels) or all current CMB experiments +

BAO (bottom panels).

expected given the much larger relative uncertainties on
Negr, Y, from CMB [Egs. (24) and (26)] compared to the
percent level spectroscopic measurements of Y,, D/H
[Egs. (21)—(23)].

C. Varying §, -,

We now explore the role of initial differences between
the ¢ and 7 flavor asymmetries. We assume that initially
¢, = &,,. The example of Fig. 1, which corresponds to such
parameters, highlights the need for the dynamical evolution
of asymmetries, as the final values of 7, cannot be
straightforwardly obtained from the initial values.

We run our calculations for initial asymmetries
{6&, = 0,A # 0}, equally spaced on the plane (&,,,A),
with &,, € [<0.1,0.1] and A € [-2,2]. The proxy for BN
on this grid of asymmetries, similarly to Fig. 7, is shown on
Fig. 9, and the likelihood is shown on Fig. 10. Similarly to
the results of Fig. 8, we see that current experimental data
do not allow one to set good constraints on the asymme-
tries, as the high likelihood regions extend beyond the
explored grid. We expect that high-£,, points would be
rejected with a better precision on the experimental

2.0 0.03
L5 ¢ 0.02
1.0 F
[a\l
~ -0.01
5 05 AL - E
| o
0.0 | - - 0.00 ®
z\@ B+ E
II—=0.5 | 7 |
) - —0.01
-1.0 -
—15 —0.02
—2.0 —0.03
—0.10 —0.05 0.00 0.05 0.10

£av
FIG.9. Final electron neutrino asymmetry in the plane (&,,, A).
The patterns show that flavor equilibration is not a common result
at all, as this plot would then be invariant vertically (because
Nelfins Would be equal to #,,). Two points, which only differ by

opposite values of A, are highlighted by crosses, and the
associated time evolution of asymmetries is shown on Fig. 11.
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FIG. 10. Total likelihood in the plane (&,,, A), using all-CMB
likelihood and the Aver et al. value of the helium abundance (21).
Large regions are allowed; they correspond to final values of the
electron flavor asymmetry close to zero (see Fig. 9), resulting in
primordial abundances only slightly modified compared to the
ZEero asymmetry case.

determination of N, as will be shown in Sec. V. This once
again highlights the limitations of assuming flavor equili-
bration: the patterns on Fig. 9 show explicitly that the final
asymmetries are not equal in general, as there would
otherwise be a symmetry via A — —A.

We can identify two “high likelihood” regions: the vertical
band &, ~0 and an oblique band (roughly given by
A ~ —0.5&,,). They correspond to regions where the final
electron flavor asymmetry is close to zero (see Fig. 9 and
the previous discussion in Sec. IV B). For the vertical band,
this corresponds to the fact that initially £, = 0, and the value
remains small after flavor transformation. Regarding the
oblique band, these results underline once again why a
precise neutrino evolution code is needed to draw mean-
ingful conclusions. Notably, the final electron flavor asym-
metry does not follow the patterns of Fig. 3 (bottom panel),
showing that flavor equilibration is not satisfied.

To further illustrate this feature, we identify on Fig. 10
two points (“Point A” and “Point B,” with Eﬁé) =
EB) — 0,07, A® = 0.3 and A®) = —0.3), which only
differ by the sign of A, that is, by the exchange
(Vys0,) < (v, 7). The time evolution of asymmetries
for these two points is shown on Fig. 11. The high
likelihood for Point B compared to Point A is due to the
final electron flavor asymmetry, which is very small for
Point B (Fig. 11, bottom panel) but not for Point A (Fig. 11,
top panel). Since, for now, quantities are mostly constrained
through the primordial abundances and not CMB data, i.e.,
the value of N is poorly constrained, the set of parameters
{&,.6E,,A}B) is allowed. However, a final value 5, ~ 0
means, by conservation of the average 7, that the final

0.4 — s T
E—a——
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6 (na — Na)/

3
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| IR R
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FIG. 11. Evolution of neutrino asymmetries for the conditions
of points A and B identified on Fig. 10. Initially &, = &,, = 0.07,
the only difference being the sign of A. Top: Point A, A = +0.3.
The electron flavor asymmetry during BBN is large, leading to
primordial abundances incompatible with measurements. Bottom:
Point B, A = —0.3. The final electron flavor asymmetry is close
to zero, explaining why Point B is in the “allowed” region.

asymmetries 77, and 7, can be large if &, is large. This leads
to a higher value of N, which should be excluded by
future, more precise, CMB experiments (see Sec. V).

D. Equal but opposite asymmetries

The vertical line of high likelihood (&, ~0) on
Fig. 10, which corresponds to initial parameters {£, = 0,
&, ==&}, is a case of “equal but opposite” (EBO)
asymmetries [48,57]. Such configurations lead to a delayed
onset of (quasi)synchronous oscillations.” For instance, for
a two-flavor system, the cancellation of the sum of
asymmetries prevents synchronous oscillations from hap-
pening. Only quasisynchronous oscillations can take place,
but as they are a higher order effect in ||Hy + Hie, |l /[T,
oscillations are delayed to lower temperatures. Such con-
figurations make dynamical calculations more challenging,

"The regime of quasi-synchronous oscillations occurs when
Hy + Hiep is not negligible anymore compared to J. Due to the
different signs in the Hamiltonians of Egs. (9a) and (9b), the
perfect synchronicity of neutrino and antineutrino collective
oscillations is broken, which results in an accelerated frequency
for the evolution of the asymmetry [57].
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as we must be certain to follow the evolution until
oscillations are damped enough to get to an ATAO-V
regime. This is not a problem for the calculations of
Sec. IV C: as oscillations in the {v,, — v, } subspace usually
start around T, ~ 10 MeV, the delay due to the EBO
configurations is still readily manageable.

However, when initially A = 0, conversions can only
take place with the v, flavor, which occurs for smaller
temperatures. In the plane (,,.6&,), with A =0 (see
Sec. IV B), this situation arises for initial asymmetries
satisfying £, = &, = —&,. Considering E~E for small
asymmetries and using the relations (8), we see that these
“pathological” points are on the line

526 = _42av . (45)

This line is shown as a gray band on Fig. 7. One can see, on
Figs. 6 and 7, that a few grid points along this line show
results seemingly with artifacts. We investigate this feature
by exploring a small region of parameters around the point
(&, 6E,) = (=0.1,0.4)—this point is shown with a gray
cross on Fig. 7. The results of our neutrino + BBN
calculation are shown on Fig. 12.

One can observe, along the line given by Eq. (45),
apparently peculiar results, which do not seem to follow the
background trend, whether this is for Ny, Y,, or D/H.
Regarding primordial abundances, the reasons come from
the coincidence between this line and a range of parameters
that make the final electron flavor asymmetry very small.
For N, this is actually a feature of EBO configurations,
for which the onset of collective oscillations is delayed to
lower temperatures compared to neighboring configura-
tions. We illustrate this property on Fig. 13, where we
compare the time evolution of asymmetries for two points
(“C1” and “C27”) highlighted on Fig. 12, top panel.
Point Cl (&, = —0.10025,8, = 0.401) is exactly on
the line (45), while point C2 (£,, =—0.0991,6Z, =0.401)
is close to it. The dynamical behavior of the asymmetries is
very different in the two cases. First, the onset of oscil-
lations, which corresponds to the Mikheyev-Smirnov-
Wolfenstein (MSW) transition from matter-dominated to
vacuum-dominated in the Hamiltonian “felt” by the asym-
metry [57], is delayed from C2 (T, ~3 MeV) to Cl
(Tem ~ 2 MeV). This delay is responsible for the non-
adiabaticity of the transition experienced by the asymmetry,
which results in large oscillations for C1. This shows the
importance of following the full Hamiltonian [ATAO-(J +
V) scheme] to low enough temperatures: we represent on
Fig. 13 in solid lines (resp. dashed lines) the evolution
using Tyans = 1.2 MeV (resp. Tyans = 2.2 MeV). For Cl1,
the higher T, case does not represent accurately the
transition, although the average values are well described,
hence a limited impact on the final observables. However,
for other points where the onset of oscillations would be
pushed to even lower temperatures, a premature shift from
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0.396 3.00
0.404 T T E 0.264
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| 0.400 0256 2
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tuy 0.254
0.398 0.252
0.250
0.396 0.248
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2.53
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Wy 2.49 'y
—
0.398 2.48
2.47
0.396 2.46
—0.1010 —0.1005 —0.1000 —0.0995 —0.0990
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FIG. 12. Results of neutrino evolution and BBN calculation for
equal v, and v, asymmetries, around a point of “equal but
opposite” asymmetries (see gray cross on Fig. 7). For these
calculations, the default transition temperature between ATAO-
(J £ V) and ATAO-V schemes is set at Ty = 1.6 MeV (see

Sec. II B). Plotting conventions are the same as Fig. 6.

ATAO-(J £ V) to ATAO-V may cause some differences.
This is notably evidenced when we focus on the energy
density budget between (anti)neutrinos and photons.

To depict the transfers of energy due to flavor mixing and
later reheating by electron-positron annihilations, we define
the effective number of neutrinos at any temperature as

Nl Za?(pa + Pa) ) ( <0))4’ )

12 T4
120 Tcm
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FIG. 13. Neutrino evolution for the conditions of points C1 and
C2 identified on Fig. 12. We consider two transition temperatures
between the ATAO-(J £+ V) and ATAO-V schemes in NEVO:
Twans = 2.2 MeV  (dashed lines) and Ty, = 1.2 MeV (solid
lines). Top: evolution of asymmetries for point Cl. Middle:
evolution of asymmetries for point C2. Bottom: N, as given by
Eq. (46), for each calculation.

where z(¥) is the temperature that photons would have
in the instantaneous decoupling approximation, without
QED corrections, such that z(O(T., > m,) =1 and
ZO(T . < m,) = (11/4)'/3, It can be obtained, for in-
stance, via entropy conservation. The value of (46) for
T.,, < m, corresponds to the quantity N shown on the
top panels of Figs. 4, 6, and 12.

This generalized N is shown on the bottom panel of
Fig. 13. Consistently with Fig. 12, Neg|c; > Negt|co- We
interpret this as a consequence of the EBO configuration:
when asymmetries mix, the extra energy density contained

in (anti)neutrinos is redistributed as a common temper-
ature for (anti)neutrinos, electrons, positrons, and pho-
tons. However, if this partial equilibration occurs later,
the thermal contact between (anti)neutrinos and the
electromagnetic plasma is gradually broken and photons
get, in comparison, a lower share of the redistributed
energy. This leads to a higher value for N.;. Note, in
addition, that the final increase due to e~e™ annihilations,
for T, <1 MeV, is almost identical for C1 and C2. For
the EBO configuration, using a transition temperature that
is too high (here, 2.2 MeV, see dashed lines) leads to a
small error in N, which could be even larger in other
EBO configurations if the onset of oscillations is delayed
to even further temperatures.

To conclude, the patterns on the EBO line seen on Figs. 6
and 7 are not mere artifacts and are resolved with our code.
However, due to the computationally challenging nature of
these configurations, the accuracy of our results on such
points is lower compared to other configurations. We see,
however, that this line is not favored by our statistical
analysis (see Fig. 8), which makes this accuracy loss only
marginally relevant.

V. FORECASTS

We have seen that, given the current CMB experiments,
primordial neutrino asymmetries are very loosely con-
strained when one does not restrict to equal asymmetries
for all three flavors. However, the improved capabilities of
future CMB experiments will provide better constraints,
which we estimate in this section.

A. Upcoming CMB experiments

We focus on two future CMB experiments: the Simons
Observatory [95,96], an array of three 0.4-m small-aperture
telescopes and one 6-m large aperture telescope in the
Atacama desert, in the final stages of construction and a
next-generation project like CMB-Stage IV [97,98]. They
notably aim at constraining N at the percent level.

We provide forecasts for the capabilities of these tele-
scopes following the strategy of [30,99]. We use the
baseline covariance matrices of Simons Observatory
(SO) and CMB-Stage IV (CMB-54):

5.33x107° 5.78x1077 1.59x 1077

Zso=|578x10"7 0.0121 —0.000624 |, (47)
1.59x 1077 —0.000624 4.36x 107>
221x107° 9.52x1077 4.45x1078
Zemse= | 9.52x1077  0.00656 —0.000293 |. (48)

4.45x 1078 —0.000293 1.85x107°
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11.2

CMB-S4 6.4

—2In(L/Lmax)

- 3.2

- 1.6

—-0.1 0.0 - 0.1 0.2
fav
FIG. 14. Forecast of the total likelihood for initial asymmetries
in the plane (&, 6Z,), using the Aver et al. value of the helium-4
abundance (21). Top: results using the SO covariance matrix for
the CMB likelihood Lcyg. Bottom: results using the CMB-S4

covariance matrix for Lcyg. The central values in Lcyg are set to
the values of Eq. (26).

B. Improved constraints

We show on Fig. 14 the likelihood obtained in the plane
(&,.6E,), using the covariance matrices (47) and (48) for
the CMB likelihood and setting the central values of Lcyp
to the same values as the ones obtained when combining all
existing CMB experiments, see Eq. (26). Note that,
compared to Fig. 8, the span of asymmetries is reduced
as these upcoming CMB experiments provide much tighter
constraints on the asymmetries. Some “peculiar” points,
which correspond to EBO configurations (see Sec. IV D),
can be noticed.

The zero asymmetry configuration {£, = ¢, = £, = 0}
would appear to be disfavored. However, this result
depends largely on the central values adopted for the
CMB likelihood. In Fig. 14, we have taken the same
means as the ones currently obtained in CMB experiments
[Eq. (26)]. With these new covariance matrices, the
standard deviation on each parameter is typically reduced
by a factor of 10, which makes the future determination of
Y, competitive with current spectroscopic measurements.
However, the central value (26¢) is lower than (21) and
pushes for nonzero asymmetries, similarly to the lower
spectroscopic value from EMPRESS (23).

Simons Observatory

12.8

11.2

9.6

8.0

CMB-S4 6.4

—2In(L/Lmax)

4.8

- 3.2

- 1.6

—-0.1 0.0 - 0.1 0.2
£av
FIG. 15. Same as Fig. 14 but setting the central value of ¥, in

Lcwmp to (21). Vanishing asymmetries are not disfavored anymore
with this choice.

As a comparison, we show on Fig. 15 the same results
as Fig. 14, but setting the central value of Y, in the
CMB likelihood to the Aver et al. value (21). With this
new choice, the zero asymmetry configuration is not
disfavored anymore. The shape of the likelihood is
different between Figs. 14 and 15, but they are still
approximately Gaussian and closed: future CMB experi-
ments will provide significant constraints on primordial
neutrino asymmetries.

VI. CONCLUSION

We have revisited the constraints on cosmological lepton
asymmetries in light of the recent progress on the deter-
mination of mixing parameters and on the numerical
description of neutrino evolution in the early Universe,
using a three-flavor multimomentum code with the full
neutrino collision term and the BBN code PRIMAT.

Constraints on asymmetries at the BBN epoch, com-
monly established in the literature, are not representative of
the constraints on primordial asymmetries. In particular,
since total flavor equilibration is not verified in general,
it is not straightforwardly possible to connect initial
and final asymmetries, which shows the need for an
accurate dynamical evolution of (anti)neutrinos through
the MeV age. Still, our results are consistent with the
studies that focus on BBN-epoch asymmetries; see the
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constraints (44) obtained by assuming equal primordial
asymmetries—in which case they do not evolve and they
match the values at the BBN epoch. For future use, we also
obtained an updated semianalytical expression of the
dependence of primordial abundances on the electron
neutrino chemical potential at BBN [Eq. (42)].

It is well known that, because of flavor oscillations, a
large space of primordial asymmetries can be averaged to
small asymmetries consistent with BBN, but our study
quantifies this with a reliable code that does not approxi-
mate the collision term, allowing for dedicated future
studies of particular lepton asymmetry generation models.
Our main finding is that current CMB experiments do not
allow one to constrain these primordial asymmetries, with
generically unbound domains of the parameter space
favored by our statistical analysis. This is due to the fact
that the limits on lepton asymmetries are dominated by the
percent-level measurements of primordial abundances,
which are compatible with large domains of the parameter
space that lead to a vanishing final electron flavor asym-
metry. In other words, the constraints on N are not strong
enough to discard large initial asymmetries that lead to a
very small £BBN,

We highlighted a potential limit of our analysis, which
corresponds to the cases of “equal but opposite asymme-
tries.” These peculiar configurations are associated with a
delay of the onset of collective oscillations, which are
harder to capture accurately. Although we have shown that
these specific situations do not challenge our conclusions, a
dedicated study of these configurations, should they arise in
a specific model of lepton asymmetry generation, can
readily be carried out.

Finally, we assessed the potential of future CMB
experiments like the Simons Observatory, which aim at
determining Ng (and Y,) with a precision better by an
order of magnitude compared to current CMB experiments.
They should be able to “close the contours” and provide
significant constraints on the primordial asymmetries,
which will greatly inform models of baryogenesis and
leptogenesis.
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APPENDIX A: STATISTICAL ANALYSIS

The experimental data we are using to constrain neutrino
properties are the CMB power spectrum (C%™) and the
primordial abundances (Y5> and D/H°*). We want to
determine the probability of the theory parameters {&,, @, }
given these measurements, that is

E({smw”C(}bS’ ngs,D/HObS) ~ P(C(;;bs, ngs,D/HObS|§a,wh),
(A1)

through Bayesian inversion. The final conditional proba-
bility can be separated between CMB and BBN measure-
ments, since they are independent.

Let us start with BBN measurements. The conditional
probability to measure {Y$, D/H®*} knowing the “true”
values {Y,,D/H} is given by the product of likelihoods

P(ngS,D/HObS|Yp,D/H)

:N<ngs§vaGYp,obs)N(D/HObSQD/H’GD/H,obs)’ (A2)
with the Gaussian likelihood being, in general,
N(A®:A,0,) L umarps (a3

= e
V2ro,

We relate this quantity to the theory parameters {&,, w),}
via, for instance for helium-4,

P(YS™ e, 0p) = / Y, PYY,) X PV, |Eray).  (Ad)

The last conditional probability is actually the output from
our codes NEVO + PRIMAT. For a given set of theory
parameters, the final result has a numerical uncertainty due
mainly to the uncertainties on the nuclear rates and the
neutron lifetime. This variation is estimated via a Monte-
Carlo search in PRIMAT, and we find Oy, code /Y, =0.051%

and 6p i code/ (D/H) = 1.13%. Therefore, the overall result
for BBN measurements reads
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P(YObS’ D/HObS|§a’ wb) = /dYPd(D/H)P(YBbQ’ D/HObs|Yp’ D/H) X P(YP|§0H wb)P(D/H|§a’ a)b)’ (AS)
= / ded(D/H)N(ngS; va UYp,obs) X N(D/HObS; D/H7 GD/H,obs)
X N(Y Y ngi,b) GY COdC) X N(D/H ])/dee O'D/H.code>’ (A6)
—J\/(YObs Y ‘(?"d‘“‘ )70, ) x N'(D/H®; D/HCOde .Op/u) (A7)
|
where, by convolution of Gaussian distributions, the total P(C|E, ) = P<C2bs| Wy, Ng)fd(e s Y ?gdem 1))
standard deviation is oy = /6% . + 0% .4 and like-

P p P - < Nco ey code ) (AS)

wise for deuterium. CMB\ Vo> Nefi(e,) “p(E,mp) )

Concerning CMB measurements, the CMB likelihood is
expressed in terms of @;,, N, and Y. The uncertainties on
N from NEVO being much smaller than the ones on
primordial abundances from PRIMAT, we neglect them
and consider that there is a unique correspondence
P(Ngg|€qr 0p) = 6(Negr — Nggﬁi(e })- Note in particular that
the numerical prediction for N does not depend on the
baryon density w,,, since the baryon-to-photon ratio is too
small to have a measurable effect on lepton physics.
Therefore, we have

I Planck + BAO
I All CMB + BAO

1ot
- SN
351 N
] /
= 30 /‘
251 N—
; —t
0.30 H
yy ‘ N
L0251 | .
\\
020} N + ~_V £s
28
&<
0.0220 00225 25 30 35 40 020 024 028
Quh? Nt Y,

FIG. 16. 68% and 95% contours of the posterior distribution
in the ACDM model with additional free parameters N
and Y,. “All CMB + BAO” contours use data from BICEP/
Keck [86], ACT [87-91], and SPT-3G [92] in addition to
Planck [84] and BAO [83] likelihoods. On the bottom right
panel, colored bands show the helium-4 abundance measure-
ments (21) and (23).

The CMB likelihood is expressed thanks to the vector
C = (wp, Negr, Y,,)" and the covariance matrix X such that®

Lemp (@p, Negr, Yp)
1

= —2¢
(27)3/2\/| det 2|

The central values and covariance matrices are given in
Egs. (24)—(27). They are obtained with the MCMC sampler
Cobaya [79]; see Fig. 16.

We finally express the total likelihood (A1), given by the
product of individual likelihoods since measurements are
independent

_(C_Cobs)T‘z—l ~(C—C0bs)/2 )

(A9)

E('fav G)b‘CObS, Yobs’ D/Hobs>
= Lcvs (wb’ N effd(e &) Y P?gj,i)b)>

XN(Yobb Y ?gdem})) ayp)

x N (D/H°bs D/He aD/H). (A10)

APPENDIX B: THERMODYNAMIC QUANTITIES

Let us consider a given species with energy density p,
pressure P, temperature 7', number density #, and chemical
potential p. Its volume entropy is given by

_ptP—nu

T (B1)

In the following, we give useful expressions for the various
thermodynamic quantities of the relativistic species in the
early Universe.

¥Note that the numerical uncertainty on Y;Ode is much smaller
than the standard deviation of the CMB posterior distribution of
Y, and is thus neglected here.
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1. Photons

They have a Bose-Einstein distribution with zero chemi-
cal potential, hence

2

P

Py = (ZTcm)4 B s (Bza)

P,=p,/3, (B2b)
472

sy = (2Tem)’ 15 (B2¢)

2. Electrons and positrons

The charged leptons follow a Fermi-Dirac distribution
with two helicity states. As long as they are ultrarelativistic
(T, > m,), we can neglect the very small asymmetry and
we have

T2
= (zT. )4 B
+ (Z cm) 60 ’ ( 3&)
P, =p,:/3. (B3b)
7 2
Ser = (2Tem)? — (B3c)

45

3. (Anti)neutrinos

Their equilibrium distributions are Fermi-Dirac with
only one helicity state, hence the total densities (for the
sum of neutrinos and antineutrinos with ji, = —pu,) are

Tirans = 10 MeV

Tirans = 3 MeV

- gav

B

_ (17 8 G
PatPa = (ZaTcm) (1—20 + Z + y) ’ (B4a)
P, = pa/3’ (B4b)
777,'2 52
S0 = (2aTem)® o= +22). B4
50+ 50 = (alen) (1 + ) (B4c)

APPENDIX C: TRANSITION FROM THE
ATAO-(J + V) TO THE ATAO-V SCHEME

As discussed in Sec. II B, we solve the QKEs using
different schemes depending on the temperature. Notably,
for low enough temperatures, the self-interaction mean-
field Hamiltonian does not drive the dynamics anymore and
can be discarded, which corresponds to the switch from the
ATAO-(J £ V) to the ATAO-V scheme [57]. The transition
temperature between those schemes, 7', 1S by default
Tyans = 2.2 MeV, but it is adapted in two ways. First, it is
rescaled by a proxy for the photon temperature due to
asymmetry equilibration, z,,;, in order to track the same
range of T, = zTy,, since this is the relevant temperature
for neutron-to-proton freeze-out. Then, it is further
decreased for particular cases where oscillations are
delayed (see Sec. IV D). In this appendix, we show the
necessity for such an adaptive method and quantify the
errors incurred if the transition is made too early.

To illustrate the impact of the choice of T, we focus
on initial asymmetries in the plane (,,,6¢,) with A = 0, a
situation studied in Sec. IV B. The results of NEVO, using
the adaptive setting of T, are shown on Fig. 6, and
we show how a different T,,, changes those outputs on
Fig. 17. Generally speaking, a too large T, can lead to

Tirans =2MeV

B

Tirans = 1.6 MeV

. 3.6
3.4

%

Z,
3.2
L 3.0

0.5-0.5
é‘av é_av

0.5-0.5

0.5-0.5 0.0 0.5
faV fav

FIG. 17. Final N (top panel) and helium-4 abundance (bottom panel) for initial asymmetries in the plane (Eav, 55,_,), for different
transition temperatures 7',,,. The precise results, obtained with the adaptive method, are shown on Fig. 6. The point with coordinates
(—0.1,8.0) is shown with a white cross, and it is studied specifically in Figs. 18 and 19.
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FIG. 18. Final value of N, and helium-4 and deuterium
abundances from the initial asymmetries (£,, = —0.1, 8, = 8.0,

A = 0.) for different values of the transition temperature 7 -

errors of order 10%—20%. However, this is highly depen-
dent on the initial asymmetries: for small values of
(.. 6E,), we see on the top panel that the smaller value
of N is well described regardless of T',,,. The “polar”
regions on Fig. 17 show particular sensitivity to T, as
one needs to go below 2 MeV to start discerning the
patterns found on Fig. 6.

The trends in variations of N and Y, can be understood
by looking at a specific example. We focus in the following
on the initial asymmetries identified by a white cross on
Fig. 17 (Ee =179, Eﬂ = Zf, = —4.1). The variation of the
final values of N, Y,,, and D/H for this initial configu-
ration as a function of T, are shown on Fig. 18. We
observe a convergence of the values when T',,, approaches
I MeV. If T, is too large, N is underestimated while the
abundances show a more complicated pattern: as T,
diminishes, the abundances decrease before increasing
back until they converge to the actual values.

We interpret the behavior of N in the same way as in
the discussion of Sec. IV D. The mixing of asymmetries is
associated to a transfer of energy from the degenerate
sea of (anti)neutrinos to the ensemble {neutrinos+
antineutrinos + electromagnetic plasma}. Imposing a
higher value of T,,, artificially makes this energy redis-
tribution happen earlier. This can be seen on Fig. 19, where
we show the time evolution of asymmetries and z: when
T rans 18 to0 high (5 and 3 MeV shown on this figure), z gets

8
6
»E 4
Py
3
s 2
L
[<HE
E o
= I
—2
—4
14

1.3

1.2

1.1

1.0

Ttrans =5.0 MeV - Ttrans =3.0 MeV

—— Tirans = 1.0 MeV

10!

1
100

Torn (MeV)

FIG. 19. Evolution of neutrino asymmetries (top panel) and the photon comoving temperature (bottom panel) for the initial
configuration (&,, = —0.1,0&, = 8.0, A = 0.). Three different transition temperatures are shown: 7', = 5 MeV (dash-dotted lines,
light shades), T s = 3 MeV (dashed lines, medium shades), and T, = 1 MeV (solid lines, dark shades).
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an unphysical “bump” at T,,,. Now, the higher T, the
more coupled neutrinos are with the electromagnetic
plasma and the less neutrinos are comparatively more
reheated than photons by the mixing of asymmetries. In
other words, the higher T, the lower N ; as seen on
Fig. 18. For T, < 1.6 MeV, N asymptotes to its actual
value: as we can see on Fig. 19, this is because the
reduction of the asymmetries has been properly described
by the ATAO-(J £ V) scheme, and we are only left with
low-amplitude very fast collective oscillations that we
average by switching to the ATAO-V scheme. Regarding
the abundances, we see on Fig. 19 (see in particular the
inset plot) that the final value of 7, first increases with
decreasing 7', (from 5 to 3 MeV), before decreasing to its
actual value. This is associated to a reduction then a rise in
the neutron-to-proton ratio, hence a reduction then a rise of
the abundances, consistently with Fig. 18. We see on this
example that T,,, must be below 2 MeV to capture the
synchronous oscillations and provide the accurate final
value of 7,.

In general, various configurations require different val-
ues of T, and we extensively checked that our adaptive
scheme meets this requirement. There are still particularly
challenging points corresponding to equal-but-opposite
configurations, discussed in Sec. IV D.

APPENDIX D: ROLE OF DEUTERIUM

Nuclear rates represent a major source of uncertainty for
the prediction of primordial abundances from BBN. In
particular, depending on the determination of the rates of
D(d, n)*He and D(d, p)*He reactions, the deuterium abun-
dance calculated for vanishing asymmetries is found to be
either fully consistent [77,78] or in mild tension [76] with
the experimental measurement (22). Detailed studies of the
differences between the PArthENoPE and PRIMAT codes have
confirmed that the disagreement, which stems from differ-
ent methods and data selections to obtain the nuclear rates
at the BBN scale, can only be resolved with future, more
accurate, nuclear rate measurements [100,101]. In the
meantime, our use of PRIMAT comparatively favors con-
figurations with a final £, <0, such that the deuterium
abundance is increased toward (22).

However, this effect is subdominant and does not
significantly alter our conclusions: to illustrate the role
played by the deuterium abundance, we run the same
analysis as in Sec. IVB but removing the likelihood
from deuterium measurements. In other words, the like-
lihood (18) becomes

L(Eg, wp|CP3,Y™) = Lomp (wb’ NExe

e Y code )

p(@(nmh)

X N(ngs; chode > .

(Easp)’ oy, <Dl)

The associated results are shown on Fig. 20.
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FIG. 20. Likelihood of primordial asymmetries without tak-
ing into account the measurement of D/H. The helium-4
abundance value is taken from Aver et al., Eq. (21). Top:
results in the plane (&,.8E,), to be compared with Fig. 8
(bottom left panel). Middle: results in the plane (Z,,,A), to be
compared with Fig. 10. Bottom: forecast of Simons Observa-
tory constraints, using Y|y, as the central value in Loy, to
be compared with Fig. 15 (top panel).

On the top panel, we see that the space of allowed
asymmetries is more constrained (compare with Fig. 8,
bottom left panel) when the deuterium constraints are not
taken into account. This counterintuitive property is due to
the very non-Gaussian features of the joint likelihood. In
particular, because of the tension between the D/H value
predicted by PRIMAT at zero asymmetries and the meas-
urement (22), regions away from the point (0, 0) are
favored at a comparable level with the central region. In
the plane (&,,,A) (Fig. 20, central panel), the high like-
lihood regions are still unbound. Finally, the bottom panel
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is almost indistinguishable from the top panel of Fig. 15: it
is a consequence of the higher constraining power of this
future CMB likelihood, which makes the mild deuterium
tension only marginally relevant.

Our main conclusion is thus unaffected: the space of
allowed asymmetries is generically unbound with current
CMB data, but future experiments should efficiently

constrain the possible values of &,. This nevertheless
highlights that future spectroscopic measurements of the
deuterium abundance, which will reduce the uncertainty
levels, might play an important role in future constraints—
which shows how timely better nuclear rate measurements
are, as they could become, by large, the main source of
uncertainty in the BBN likelihood.
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