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We investigate the effect of potentially large distortions of the relic neutrino spectra on cosmological
observables. To that end, we consider a phenomenological model of “gray” spectral distributions, described
by a single parameter, which generalizes the traditional y-distortions to possibly large negative values.
Implementing these distortions in the primordial nucleosynthesis code PRIMAT, we can constrain the
distortion parameter along with the presence of extra radiation, exploiting the complementarity of big bang
nucleosynthesis and cosmic microwave background measurements to disentangle gravitational and
nonthermal effects. These constraints rule out a distortion where more than ∼1=2 of the neutrinos’
energy density is replaced by dark radiation. Nonetheless, we find that large distortions, accompanied with
extra radiation, are allowed—and even slightly preferred in some cases—by current cosmological
observations. As this scenario would require substantial modifications to the physics of neutrino
decoupling in the early Universe, these observational constraints call for a renewed attention on the
possibility of large deviations from the standard cosmological model in the neutrino sector.
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I. INTRODUCTION

Neutrinos play an important role in our current under-
standing of cosmology. In the standard hot big bang model,
they were initially in thermal equilibrium due to weak
interactions, and eventually decoupled slightly before the
onset of big bang nucleosynthesis (BBN), forming a
cosmic neutrino background whose spectrum is expected
to be nearly thermal.
The effect of neutrinos can be seen invarious cosmological

observables [1], such as the cosmic microwave background
(CMB). It is primarily sensitive to the energy density of the
cosmic neutrino background, allowing one to measure the
effective number of relativistic species Neff , consistently
with the standard prediction of 3.044 [2–4]. A complemen-
tary probe is given by spectroscopic measurements of the

primordial abundances, since neutrinos set the conditions
under which BBN takes place [5]. The agreement between
theory (with publicly available codes like PRIMAT [6],
PArthENoPE [7], or PRyMordial [8]) and observations for
deuterium and helium abundances is a major success of
the standard cosmological model, slightly obscured by the
so-called lithium problem [9]. While these two probes are
sensitive to the epoch when neutrinos were ultrarelativistic,
the growth of large-scale structures is affected by the neutrino
masses, which are known to be nonzero because of the
phenomenon of neutrino oscillations [10,11]. However,
this cosmological effect has not been seen yet. Quite the
opposite—the recent results by DESI [12,13] do not show
preference for massive neutrinos, and if one allows for
negative effective masses, there is a ∼3σ tension between
the cosmological measurements and the minimum value
compatible with neutrino flavor oscillations [14,15].
This growing tension calls for the study of nonstandard

features in the cosmic neutrino spectrum. Moreover,
although early Universe measurements (CMB, BBN) are
consistent with the standard scenario of neutrino decoupling,
it is worth emphasizing that they are only indirect probes of
the early cosmic history. Specifically, highly nonstandard
scenarios that are still compatiblewith measurements simply
cannot be excluded [16,17]. In this article, we thus focus on
nonstandard neutrino spectral distortions.
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In the standard scenario, percent-level nonthermal dis-
tortions are present because of the out-of-equilibrium
decoupling process [18–20], but their effects are small
on cosmological observables (see, e.g., [21]). A popular
scenario assumes nonzero neutrino/antineutrino asymme-
tries, which can be associated to nonzero chemical
potentials. Such a change modifies in particular the
neutron-to-proton ratio at the onset of BBN, allowing
one to constrain these asymmetries [22–30]. Here, we
consider potentially large deviations from the standard
Fermi-Dirac spectrum, identical for neutrinos and antineu-
trinos, starting from y-type distortions similar to the ones
introduced for the neutrino spectrum in [31]. We generalize
them to describe both an increase or decrease of the
neutrino energy density, and allow for the presence of
additional dark radiation. Specifically, we consider a so-
called “gray” distribution, a type of distribution usually
discussed in the context of CMB (see, e.g., [32,33]).
This paper is structured as follows: in Sec. II, we introduce

our model for a distorted cosmic neutrino spectrum, and
study its theoretical implications for cosmological observ-
ables, with special emphasis on BBN. In Sec. III, we employ
theBBNcode PRIMAT to quantitatively describe the effects of
this distorted spectrum. Then, in Sec. IV, we present
constraints on our model from cosmological observations.
Finally, we discuss the implications of those constraints and
conclude in Sec. V. Throughout this paper, we use natural
units where ℏ ¼ c ¼ kB ¼ 1.

II. SPECTRAL DISTORTIONS
IN THE NEUTRINO SECTOR

A. Theory and model

1. y and μ-type distortions

In the CMB, nonthermal features in the distribution
function of background photons can be divided into two
distinct types: μ-type and y-type distortions. These distor-
tions, which arewell known,well studied, and bounded to be
very small in the CMB spectrum, can arise from inefficient
(efficient) Compton scattering with electrons for the y (μ)
type. In the case of the cosmic neutrino background, the same
types of distortions can be used. Furthermore, μ-type dis-
tortions can be attributed to the chemical potentials of (anti)
neutrinos, which emerge if the lepton asymmetry of the
Universe is significant, a possibility allowed by current
experimental data [22–30]. In this case, however, these
“distortions” should not be interpreted as such, since a
chemical potential is a thermal albeit nonstandard feature
of the neutrino distribution function. We also note that low
reheating temperature scenarios can lead to μ-type-like
distortions, and the impact on cosmological observables
allows one, in turn, to constrain these scenarios in the same
spirit as this work [34–38].
For y-type distortions, on the other hand, no obvious

realization within the neutrino sector is evident. In analogy

to the Sunyaev-Zeldovich effect [39], such a distortion
could in principle be produced by neutrinos scattering on
some high-energetic particles (in a dark sector) after
neutrino decoupling, such that the associated y parameter
(that we will call ySZ) would quantify the amount of energy
transferred to the neutrinos by this hot gas. As a conse-
quence, the spectrum of neutrinos would no longer be a
perfect Fermi-Dirac distribution and would be character-
ized by a decrease in intensity at lower frequencies and an
increase at higher frequencies. A distinguishing feature of a
y-type distortion is that the number of relic particles
remains constant, while the energy injected is proportional
to ySZ. Such a distorted Fermi-Dirac spectrum reads

fνðx; ySZÞ≡ f̂νðxÞ þ ySZ
1

x2
d
dx

�
x4

d
dx

f̂νðxÞ
�

¼ f̂νðxÞ
�
1þ ySZ

exx
ex þ 1

�
x
ex − 1

ex þ 1
− 4

��
; ð1Þ

where the Fermi-Dirac distribution is

f̂νðxÞ≡ 1

ex þ 1
; ð2Þ

and with x ¼ E=T the dimensionless ratio of the neutrino
energy E and the reference temperature T. For a given
neutrino distribution, the number density and the energy
density are obtained via integration in phase space as

nν ¼
T3

2π2

Z
∞

0

fνðxÞx2dx; ρν ¼
T4

2π2

Z
∞

0

fνðxÞx3dx:

ð3Þ
Hence the variation of energy density induced by the
distortion in (1) is given by

δρν
ρ̂ν

¼ 4ySZ; ð4Þ

where ρ̂ν (resp. ρ̂ν þ δρν) is the energy density calculated
with f̂ν [resp. fνðx; ySZÞ]. Another little-known feature is
that the ySZ parameter must be positive. This limitation can
be understood by seeing the spectrum as a sum of
blackbodies1 with different temperatures, and characteriz-
ing the distribution of the temperatures by its moments in
temperature space. Stebbins [32] has shown that the
superposition of blackbodies is better characterized as a
distribution in the variable logðTÞ and not T. By doing so, it
can be easily demonstrated [33] that the average of logðTÞ
corresponds to the average of the temperatures, while the
variance of the distribution, obviously a positive quantity,
can be mapped directly to what is usually called a ySZ
distortion. More directly, one can also see that the function

1Although for photons the “blackbody” spectrum is the Planck
distribution, we can also use this term for neutrinos, implying a
Fermi-Dirac distribution.
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(1) is asymptotically equivalent, for x → ∞, to ySZx2e−x,
which has to be positive for fν to be a distribution function.
Extensions and higher order corrections, normally called
down-Comptonization (see, e.g., [40]), do exist in the
literature, however they break down at relatively low
energy depletion.

2. Generalized distortions

In the case of neutrinos, where we want to explore
significant deviations from a thermal spectrum, a new type
of distortion is therefore needed, which mimics the “stan-
dard” ySZ distortion in the positive parameter regime and
can be safely extended to the negative one. Namely, we
want to define a distortion which can describe an injection
or depletion of energy, proportional to some “y” parameter,
while keeping the number of particles constant.
A good starting point is to consider again the resulting

spectrum as a weighted sum of Fermi-Dirac spectra with
different temperatures,

fνðxÞ ¼
Z

∞

0

pðtÞf̂ν
�
x
t

�
dt; ð5Þ

where pðtÞ is a distribution function of temperatures t (in
units of the reference temperature T). If

R
∞
0 pðtÞdt ≠ 1 the

distribution is called “gray,” and the grayness parameter
[32] is defined by 1 − g≡ R∞

0 pðtÞdt. A full description of
gray distributions and a complete generalization of the ySZ
distortion is beyond the scope of this work and will be
given elsewhere.
In this framework, a distribution of relative temperatures,

which preserves the number density while modifying the
energy density, can be achieved for y > 0 with the
distribution

pyðtÞ ¼
� 1

2jyj t
−3 if 1 ≤ t ≤ 1þ 2y;

0 otherwise:
ð6Þ

When y < 0, the same functional form is taken but in the
range 1þ 2y ≤ t ≤ 1. The energy density of the distribu-
tion resulting from (5) is then related to the Fermi-Dirac
one through ρν ¼ ρ̂νð1þ yÞ, whereas nν ¼ n̂ν. An impor-
tant feature is that this distribution is gray since
1 − g ¼ ð1þ yÞ=ð1þ 2yÞ2, and this relates to the possibil-
ity of having an energy density variation either positive or
negative depending on the sign of y.
For the sake of this work, this motivates us to consider

the even simpler gray distribution2

pygðtÞ≡
1

ð1þ ygÞ3
δð1þ yg − tÞ; ð7Þ

where the parameter yg must be larger than −1. The
grayness of this distribution is g ¼ 1 − ð1þ ygÞ−3, and
with (5) this corresponds to the simple spectrum

fνðx; ygÞ≡ 1

ð1þ ygÞ3
f̂ν

�
x

yg þ 1

�
: ð8Þ

This distribution function never becomes negative while the
neutrino number density remains equal to the one of the
Fermi-Dirac distribution (2)3 and the energy injection (or
depletion) is

δρν
ρ̂ν

¼ yg: ð9Þ

We can then consider this gray distribution as a generalized
y-type distortion, with a physical behavior for yg ≤ 0. We
represent the differential number and energy densities
associated to the distribution (8) on Fig. 1.
Although the distortion we consider is phenomeno-

logical and allows us to probe generally nonstandard
neutrino features, it is worth noting that it is not physically
unmotivated. If this distortion is created by number-
conserving (elastic scattering) interactions of neutrinos
with a dark sector at a different temperature, then suffi-
ciently efficient interactions will cause the spectrum to be
thermal with a chemical potential so as to preserve the
number density while allowing a modified energy density.
In addition, under this hypothesis of neutrinos and anti-
neutrinos number densities being separately conserved,
their respective chemical potentials need not be opposite as
is the case when annihilation reactions (with eþe−, which
have negligible degeneracy) take place. In Fig. 2 we
compare, for a positive and negative energy density
variation at constant number density, the associated ySZ
distortion (1), the thermal distribution with chemical
potential satisfying these conditions,4 and our gray distri-
bution (8). As discussed in Sec. II A 1, the standard ySZ
distortion is unphysical in the negative ySZ regime. The
other two distributions are physical in all cases, and we can
see that the gray spectrum distortion is rather similar to the
one associated with a chemical potential. The gray dis-
tortion is more convenient from a theoretical point of view
since we can directly connect the energy density variation
to a single parameter, yg, instead of solving for a new

2We will assume for simplicity that all neutrino species have
the same distribution function. This is somehow motivated by the
action of neutrino flavor oscillations at MeV temperatures,
although a specific model should be carefully studied.

3One can directly see that
R
∞
0 dxx2fνðx; ygÞ ¼

R
∞
0 dxx2f̂νðxÞ

via the change of variables x0 ¼ x=ðyg þ 1Þ.
4The unique distributions f̂ν½ðx − μ=TÞ=t� with chemical

potential μ and temperature T 0 ¼ tT such that nν ¼ n̂ν and
δρν=ρ̂ν ¼ þ0.3 (−0.3) are such that t ≃ 1.336 (0.633) and μ=T ≃
−1.237 (1.022).
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temperature and chemical potential. More broadly, gray
distortions in general are also physically motivated. A more
direct possibility to generate a gray spectrum with g > 0 is
through the disappearance of neutrinos to a dark sector,
regardless of their energy, as has already been considered
but severely constrained for photons [41]. Such a distortion
would not conserve the number of neutrinos, and could thus
have interesting consequences for the late-time neutrino
behavior. Thus, gray distortions other than the one con-
sidered here could also exist and be generated by other
types of reactions (e.g., creation/annihilation reactions).

3. Distortions and incomplete neutrino decoupling

Spectral distortions cannot survive if they are created
prior to neutrino decoupling. Indeed, the strong neutrino
self-interactions and interactions with e� (scattering, pair
creation/annihilation) would force the thermalization of
neutrino spectra. In the standard cosmological scenario,

neutrinos decouple at a temperature Tdec ∼ 1.3–1.5 MeV
[42]. As we discuss in detail later, the main effect of
spectral distortions is to modify the freeze-out of neutron/
proton interconversions prior to BBN, which occurs around
TFO ∼ 0.8 MeV. There is thus a short window where non-
standard physics should be operating in order to create the
distortions we are considering in this work. However, the
very existence of non-standard interactions would also
change the physics of neutrino decoupling, such that a
complete study would require solving the neutrino trans-
port equations (à la [2,3,20,43,44]) including these non-
standard processes.
Since BBN is only really sensitive to the neutrino

distributions as local thermodynamic equilibrium gets
broken, that is, slightly before and at freeze-out (temper-
ature TFO), for our exploratory study it is not necessary to
describe accurately the whole neutrino decoupling process,
as long as the physics included in our BBN code is self-
consistent. To that end, we will assume instantaneous

FIG. 2. Comparison of the standard y-distortion [Eq. (1), dashed], the μ-distortion [see text, dash-dotted] and the gray distribution
[Eq. (8), solid] for the same energy injection/depletion. The two panels are identical to Fig. 1.

FIG. 1. Illustration of the effect of the distortion (8) on the neutrino differential number density [x2fνðx; ygÞ, left], and the differential
energy density [x3fνðx; ygÞ, right].
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neutrino decoupling5 at a temperature higher than TFO, and
that for the range of temperatures covered by our BBN
code, neutrinos have distributions given by Eq. (8).
Specifically, we need to distinguish the temperature of the

electromagnetic plasma (Tγ), shared by photons, electrons,
positrons and baryons, and the temperature Tν neutrinos
would have without distortions. In our approximation,
neutrinos have decoupled such that Tν ∝ a−1, with a the
scale factor, while Tγ is modified by eþe− annihilations,
which leads to a ratio Tγ=Tν ≃ 1.40 after annihilations. The
distorted distribution fνðx; ygÞ is defined with respect to this
temperature Tν, such that x ¼ E=Tν in Eq. (8), with E the
neutrino energy.

B. Consequences on cosmological observables

1. Energy density and Neff parameter

After electron-positron annihilations (i.e., for Tγ ≪ me≃
0.511 MeV), the energy density of ultrarelativistic species
can be written as

ρrad ¼ ργ þ
X

α¼e;μ;τ

½ρνα þ ρν̄α � þ ρΔN

≡
�
1þ 7

8

�
4

11

�
4=3

Neff

�
π2

15
T4
γ : ð10Þ

We have explicitly written the total energy density ρrad as the
sum of the photon energy density (ργ), the sum of neutrino
and antineutrino energy densities (

P
α¼e;μ;τ ½ρνα þ ρν̄α �), and

the contribution from other, dark sector ultrarelativistic
particles (ρΔN). First, we note that the energy density of
(anti)neutrinos is modified when considering gray distribu-
tions, following Eq. (9).
Furthermore, we parametrize the additional dark radia-

tion contribution with an extra number of degrees of
freedom ΔN, such that

ρΔN ¼ 7

8

�
4

11

�
4=3

ΔN ×
π2

15
T4
γ : ð11Þ

More specifically, we defineΔN such that the caseΔN ¼ 0

(with yg ¼ 0 as well) corresponds to Neff ¼ Nstd
eff ≃ 3.010.

This value corresponds to the standard prediction in the
instantaneous decoupling scenario (see discussion above),
including QED corrections to the plasma thermodynamics6

(see, e.g., Table 1 in [45] or Table I in [21]). Making this
instantaneous decoupling approximation means that our
Neff predictions may have an error of the order of 1%, since
the “true” standard value is Nstd

eff ¼ 3.044 [2–4]. This error
is still well below current experimental uncertainties on
Neff . In our analysis, the observational constraint on Neff ,
which is a constraint on ρrad, allows us to constrain
simultaneously the distortion parameter yg and ΔN, since
Nobs

eff ¼ Nstd
effð1þ ygÞ þ ΔN, thanks to Eqs. (9)–(11).

Finally, we note that we will also allow the ΔN
parameter to be negative. Even though this is incompatible
with the interpretation of ΔN as additional dark radiation,
there are a range of physical scenarios that can decrease
Neff , which would correspond to ΔN < 0, see e.g., [46–
54]. Current CMB experiments do not exclude this pos-
sibility, see for instance the recent ACT results [55,56],
which actually prefer Neff < 3.
The gravitational effects parametrized by Neff affect

various cosmological observables, most notably the
CMB. As an example, Fig. 3 shows the effect of varying
yg (keeping ΔN ¼ 0 and all other cosmological parameters
to their preferred values from Planck) on the CMB temper-
ature-temperature angular power spectrum CTT

l , obtained
with a modified version of the code CLASS [57] (see
Sec. IV). We also represent the data from Planck [58],
which shows that non-zero values of yg, forΔN ¼ 0, would
be excluded by measurements. However, if ΔN ¼ −Nstd

effyg,
the combined effects cancel and Nobs

eff ¼ Nstd
eff . As the

CMB’s dependence on yg and ΔN comes mostly from
this gravitational effect, this causes a degeneracy between
the two parameters, as seen in Fig. 4. The solid lines show
the relative difference of CTT

l compared to the unperturbed
baseline, with ΔN ¼ 0. The dashed lines show, for the
same value of yg, the results with ΔN ≃ −Nstd

effyg, with a

FIG. 3. Effect of yg distortions on the CMB TT spectrum,
assuming ΔN ¼ 0. The figure was generated using our modified
version of CLASS [57], see Sec. IV for details.

5More precisely, we also assume that this decoupling occurs
well above T ∼me, such that the entropy of eþe− is only
transferred to photons—this is the “ultrarelativistic” approxima-
tion in the nomenclature of [45].

6We emphasize that an “instantaneous decoupling” is not
incompatible with Neff ≠ 3, since a value of exactly 3 requires to
assume that the eþe− were ultrarelativistic at the time of neutrino
decoupling (which we assume), and that the thermodynamics of
the plasma do not include QED corrections (but we include
them), see notably the Conclusions of Ref. [45].
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systematically reduced deviation from standard ΛCDM
compared to ΔN ¼ 0. Even though there are secondary
effects that cause the cancellation not to be complete (in
particular, the CMB damping tail has a mild dependence on
the helium abundance, which, as we will see later, has
different dependencies on yg and ΔN), the noncancellation
is too small given current experimental bounds. We thus
expect a significant degeneracy between yg and ΔN in our
analysis from CMB measurements only (see Sec. IV).

2. Neutrinos and BBN

Primordial nucleosynthesis is a key channel to constrain
neutrino physics, as the conditions in which BBN takes
place—and thus the primordial abundances—are directly
dependent on (anti)neutrino distributions.
At the onset of BBN, almost all free neutrons are

fused into helium-4, with small amounts of deuterium
and traces of heavier elements (e.g., lithium). The final
helium abundance is then directly set by the amount of free
neutrons “available” at BBN. This number is usually
quantified via the neutron-to-proton ratio nn=np, which
is set by the following weak reactions:

nþ νe ⟷ pþ e−; ð12aÞ

n ⟷ pþ e− þ ν̄e; ð12bÞ

nþ eþ ⟷ pþ ν̄e: ð12cÞ

These reactions freeze out at a temperature TFO ∼ 0.8 MeV.
Subsequently, nn=np decreases as the only reaction left is
neutron beta decay (12b), until light elements are produced

(deuterium burning) below TNuc ∼ 0.07 MeV. Because of
the reactions (12), distortions in the spectra of νe and ν̄e will
change the value of nn=np, and thus directly modify the
primordial abundances. Similarly, an asymmetry between νe
and ν̄e distributions also modifies nn=np, allowing for
constraints on a primordial lepton asymmetry at the BBN
epoch (see e.g., [22–29]).
A second, subdominant, effect of neutrinos on BBN is

gravitational. Indeed, a larger value of Neff leads to a higher
expansion rate for a given photon temperature [see
Eq. (10)]. In addition to increasing the freeze-out temper-
ature of reactions (12), it also leaves less time for neutron
decay before TNuc (“clock effect” discussed in [59,60]),
resulting in a higher value of nn=np at the onset of BBN.
In this work, the distortions (8) have both a gravitational

effect (see previous section) and a direct one on the weak
rates. We include all this physics directly in a BBN code
presented in the next section. We highlight once again that
we make the assumption of instantaneous neutrino decou-
pling, and that the distortions formed quickly after neutrino
decoupling. It is important that these distortions be formed
before the freeze-out of reactions (12); otherwise, their only
effect would be through the change of energy density,
which is completely degenerate with the additional param-
eter ΔN. A more complete analysis, left for future work,
would track neutrino distributions throughout the decou-
pling epoch, including the new processes leading to the
distortions (8), and use them as input in a BBN calculation,
a proven method in other contexts [2,19,20,28,61].

III. BBN CALCULATIONS

We include the modified neutrino distributions (8) in the
BBN code PRIMAT [6], extending the method used in

FIG. 4. Relative change of the CMB TT spectrum with respect to ΛCDM in presence of yg distortions and ΔN. We show that ΔN can
roughly cancel the effect of yg and, even though the cancellation is not exact, the difference is too small given the current experimental
sensitivity.
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Ref. [21]. In that work, in addition to the change in energy
density due to distortions, the weak interaction rates of
reactions (12) were modified at the Born approximation
level (i.e., in the infinite nucleon mass approximation).
Given the large distortions considered here, we include the
effect of spectral distortions consistently with the various
corrections to the weak rates derived in [6], namely,
radiative and finite nucleon mass corrections.
To illustrate the change of neutron-to-proton intercon-

version rates with our modified neutrino distributions, we
show on Fig. 5 the total rate of n → p reactions (Γn→p,
corresponding to Eq. (12), from left to right) and of p → n
reactions (Γp→n, corresponding to Eq. (12), from right to
left). We choose a given temperature of 0.73 MeV, close to
the freeze-out of n ↔ p conversions in the standard case.
Overall, a positive (resp. negative) yg corresponds to an
increase (resp. decrease) of the rates, consistently with the
shift of the neutrino distributions to higher (resp. lower)
energies, see Fig. 1. Themain difference between n → p and
p → n reactions is the presence of an energy threshold for the
latter (due to the difference of massesmn −mp ≃ 1.3 MeV).
Notably, for yg > 0, the Γp→n rates increase relatively more
than the Γn→p ones, since the presence of higher energy
antineutrinos not only increases the cross section, but also
helps overcoming the energy threshold.
On the right panel of Fig. 5, we plot a quantity closely

related to the final helium abundance. At equilibrium,
detailed balance sets the neutron-to-proton ratio ðnn=npÞeq ¼
Γp→n=Γn→p. Therefore, the neutron fraction at weak freeze-
out is

nn
nn þ np

����
TFO

¼ Γp→n

Γp→n þ Γn→p

����
TFO

: ð13Þ

Because of neutron decay, this ratio decreases between TFO
and deuterium burning at TNuc, and the final helium
abundance is well described by Yp ∼ 2nn=ðnn þ npÞjTNuc

(see, e.g., [21] for more details). That is why we plot the
quantity of the right-hand side of Eq. (13), with two caveats:
first, the freeze-out temperature (for which, broadly speak-
ing, Γn↔p=H ∼ 1 with H the Hubble rate) changes with yg,
butweplot the ratio of rates at a fixedvalue ofTγ; second, one
would need to consider neutron decay to precisely connect
this quantity to Yp, and this phase is also slightly affected by
the value of yg. Regardless, this gives a good idea of the
connection between the modified rates and what we can
expect for the helium-4 abundance.
This picture is confirmed in Fig. 6, where we plot the

PRIMAT results for the helium-4 (Yp) and deuterium (D=H)
abundances, setting the baryon abundance value to Ωbh2 ¼
0.0224 (preferred value from Planck [62]). We also show
the experimental measurements with colored bands, see
Sec. IV for details.

IV. CONSTRAINTS FROM OBSERVATIONS

Given their effects on cosmological observables (see
Sec. II B), the two parameters fyg;ΔNg can be constrained
with observations. Here, we will use observations of
primordial abundances from BBN and constraints on
the cosmological Neff parameter coming from non-BBN
observations, namely the cosmic microwave background,
CMB lensing and baryon acoustic oscillations (BAO).
More specifically, we use CMB and CMB lensing obser-
vations from Planck [58,66], and BAO observations from
DESI [13].
For the observed BBN abundances, we employ the refer-

ence value for the helium-4 abundance by Aver et al. [63],

FIG. 5. Left: weak interaction rates, normalized by the neutron lifetime, as a function of the distortion parameter yg for a plasma
temperature of 8.5 × 109 K. The dashed lines are the values without distortions, used as a reference. Right: combination of the rates
providing a proxy for the helium-4 abundance [see Eq. (13) and surrounding text].
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the deuterium abundance value from Kislitsyn et al. [65] (see
also [67,68]),

Yobs
p ¼ 0.2453� 0.0034; ð14Þ

D=Hobs ¼ ð2.533� 0.024Þ × 10−5: ð15Þ

We report these values as colored bands on Fig. 6.
One could also consider the lithium-7 abundance, whose

recommended value by the Particle Data Group (PDG) [69]
(using observational data from [70]) is Li=Hobs ¼ ð1.6�
0.3Þ × 10−10. The lithium observations are known to be in
strong tension with predictions from standard BBN theory
—the so-called “lithium problem” [9]. Although one could
hope that a combination of our nonstandard parameters
could satisfy the observations (14)–(15) and provide a
lithium abundance compatible with observations, this is not
the case. The parameter values required for the observed
lithium abundance are in large tension with the parameter
space preferred for helium and deuterium measurements.
Given the uncertain status of the lithium problem [69], we
leave the lithium abundance out of the BBN observables
used for our constraints.
To calculate the parameter constraints, we employ the

Markov chain Monte Carlo (MCMC) code Cobaya [71] and
its MCMC sampler [72–74]. The inference of cosmological
parameters from observations in Cobaya requires likelihoods
associated to BBN and CMBþ lensingþ BAO measure-
ments. For BBN observations, we employ Gaussian like-
lihoods around the values of the measured abundances. To
calculate the predicted abundances for a given set of

parameters (yg, ΔN and baryon abundance ωb ≡Ωbh2),
we construct a table with the code PRIMAT (see Sec. III). To
get the standard deviation of the Gaussian likelihoods, we
quadratically add the observational error and the error of
PRIMAT’s predictions due to nuclear rates uncertainties. We
use the code CLASS [57] to calculate the other cosmological
observables (CMB, lensing, BAO). There are eight sampled
parameters: the six standard ΛCDM cosmological para-
meters, along with ΔN and yg; Yp is not left to vary but is
obtained from the PRIMAT table. We thus have to modify
CLASS at two levels: first, to include the effect of the
distorted distributions (8) (instead of the pure Fermi-Dirac
ones),7 then, to read our BBN table, which has one more
parameter than CLASS standard BBN tables because of the
presence of the yg parameter. We then use the CamSpec
[75] likelihood, which makes use of Planck’s PR4 (NPIPE)
[76] maps.
In principle, we can also constrain the baryon abun-

dance, ωb ¼ Ωbh2, using BBN. For BBN-only constraints,
we use a prior on this abundance obtained with a run
including the aforementioned CMB, CMB lensing, and
BAO observations, but without using any BBN informa-
tion. More specifically, this is a Gaussian prior with

FIG. 6. Final helium-4 (left) and deuterium (right) abundances obtained from PRIMAT for different values of the distortion parameter yg
and the generalized extra dark radiation contribution ΔN. We identify with colored bands the measured helium abundances from Aver
et al. [63] and EMPRESS [64] (see Sec. IV C), and the measured deuterium abundance from Kislitsyn et al. [65]. The mention of “PRIMAT

rates” is in opposition to the choice of nuclear rates made in the BBN code PArthENoPE, see Sec. IV B.

7In the results that we show, to be able to consider the case
ΔN < 0, we implement the distortions in CLASS in an effective
way that only considers the effect on the energy density and the
helium fraction, setting Neff and Yp to the corresponding value
given yg and ΔN. In the regime ΔN ≥ 0, we have checked that
this is consistent with what we get if we implement the full
physical distribution function in CLASS.
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ωb ¼ 0.0223979� 0.0001675. In practice, we find that
these observations are much more constraining on ωb than
BBN, so the ωb constraints from the prior remain essen-
tially unaltered.
In our model, we neglect the effect of neutrino masses,

which we assume to be zero. In principle, one could also
consider different nonzero neutrino masses to see how our
model affects cosmological constraints on the neutrino
mass. If we do this, we find that the effect of our model on
these constraints is very small. The reason for this is that,
once neutrinos become nonrelativistic, their abundance is
determined by their number density, so, since neutrino
masses become relevant once neutrinos become nonrela-
tivistic, they will mostly be sensitive to the neutrino number
density. However, as stated earlier, the neutrino distortion
that we are considering conserves neutrino number density.
The effect of the spectral distortions for constant number
density is thus subdominant for that matter. We mention
that a different distortion that does not conserve the number
of particles could strongly affect neutrino mass bounds, but
we do not study such a distortion here.

A. Baseline results

Figure 7 shows the constraints in the ðyg;ΔNÞ plane
(marginalized over ωb) coming from the aforementioned
observations: deuterium, helium, and CMBþ lensingþ
BAO. The figure shows all three constraints separately, as

well as the joint constraint that takes them all into account.
Note that all three constraints contain a certain degeneracy
between ΔN and yg that they cannot individually break.
The main degeneracy is due to the equivalent gravitational
effects of the yg distortion and some extra radiation, as
discussed in Fig. 4. This leads to the “diagonal” degeneracy
on Fig. 7, which is notably broken by the strongly nonlinear
dependence of the helium abundance on yg (see Fig. 6).
This dependence gives rise to the curved shape of the
helium constraint in Fig. 7. The slight sensitivity to Yp of
CMB measurements also explains why the red contours on
Fig. 7 are not perfectly along the ΔN ≃ −3yg line.
The combined constraints can be used to put bounds on

the fyg;ΔNg parameters. Specifically, we can place the
following bounds, where we quote errors at the 95% con-
fidence level:

yg ¼ −0.20þ0.29
−0.29 ; ð16Þ

ΔN ¼ 0.84þ0.85
−1.01 : ð17Þ

Note that the bounds on a positive yg or a negative ΔN are
very stringent, so those possibilities are highly disfavored,
even if the change in the energy density is compensated by
the other parameter.

FIG. 7. Constraints on additional relativistic degrees of freedom ΔN and the neutrino distortion parameter yg from deuterium
observations (“D”, in green), helium-4 observations (“He”, in gray), and CMBþ CMB lensingþ BAO constraints (“CMB + L + BAO,”
in red), with the combined constraints in blue. All constraints take into account BBN theory. Note that to obtain the CMB + L + BAO
constraint, Yp is not a free parameter, but a derived parameter that is calculated from the base parameters using our BBN table.
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For the possibility of a negative yg and a positive ΔN, the
bounds aremore lenient, so, for example, an extra relativistic
degree of freedom ΔN ¼ 1 could be allowed if a negative
neutrino spectral distortion compensates the change in the
energy density. However, we can rule out ΔN ≥ 2 at a
confidence level over 99%, regardless of whether yg com-
pensates the energy density or not. At the time of BBN,
taking into account the relation between the energy density
and yg from Eq. (9), we can rule out a scenario where the
neutrino energy density is reduced by more than 50% via a
gray distortion, even though this energy density is replaced
by dark radiation.

B. Alternative nuclear rates

In standard cosmology, it is known that there is a mild
discrepancy between PRIMAT’s predictions for the deu-
terium abundance and the actual measured abundance [77],
as can be seen on the right panel of Fig. 6, where the
predicted abundance for ðyg;ΔNÞ ¼ ð0; 0Þ is outside the
range of Eq. (15). This tension, which is absent from the
predictions of the BBN code PArthENoPE [7], can be traced
to different choices made in PRIMAT and PArthENoPE regard-
ing the rates of the nuclear reactions Dðd; nÞ3He and
Dðd; pÞ3H [78,79]. In order to assess the robustness of
our results, we have modified PRIMAT in order to use the
“PArthENoPE rates” for these deuterium burning reactions
instead of the “PRIMAT rates” (used in Fig. 6), with the
results for the abundances shown on Fig. 8.
Comparing Figs. 6 and 8, one can see, as expected, that

the helium abundance is almost unchanged, while the
deuterium predictions shift to higher values, reconciling
the measurement (15) and the prediction for D=H at
ðyg;ΔNÞ ¼ ð0; 0Þ.

The resulting combined constraints with these alternative
abundance predictions can be seen in Fig. 9. Overall, the
preferred region is “shifted” toward the standard scenario,
with the origin of the plot being just outside the 1σ region
with the PRIMAT rates (but still inside the 2σ limit), whereas
it is inside the 1σ limit of the contour plot if one uses the
PArthENoPE rates. This is consistent with the existence/
absence of a mild deuterium tension for ðyg;ΔNÞ ¼ ð0; 0Þ
with PRIMAT/PArthENoPE.
Figure 9 also shows the 1D posteriors for both param-

eters. Note that the 1D posteriors are clearly not Gaussian,
and instead show two local maxima separated by a local
minimum. Even though the minima are not deep enough to
be significant, this shows that the distribution could
potentially become bimodal with better data.

C. Alternative helium observations

Recently, the EMPRESS survey [64] obtained a smaller
value for Yobs

p , namely,

Yobs
p jEMPRESS ¼ 0.2370þ0.0034

−0.0033 : ð18Þ

We report this value as a purple band on the left panels of
Figs. 6 and 8; it is 1.7σ below the traditional value,
consistent with many observations and recommended by
the PDG [69]. Such a smaller value can be accommodated
by a nonzero lepton asymmetry in the electron neutrino
sector at the epoch of BBN [27,28,64,80], i.e., a neutrino μ
distortion (see Sec. II). Here, we check in the following
how our results change using the measurement (18) in-
stead of (14), exploring the potential of these generalized
y distortions to accommodate this helium abundance.

FIG. 8. Final helium-4 (left) and deuterium right) abundances obtained from PRIMAT, modified to use the PArthENoPE rates for
deuterium burning. Plotting conventions are identical to Fig. 6.
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FIG. 9. Combined constraints on additional relativistic degrees of freedom ΔN and the neutrino distortion parameter yg (see Fig. 7),
comparing constraints obtained with the PRIMAT and PArthENoPE rates. Note that using the PArthENoPE rates increases the preference for
the standard value, as the PRIMAT rates are known to have a mild discrepancy with deuterium observations [77].

FIG. 10. Combined constraints on additional relativistic degrees of freedom ΔN and the neutrino distortion parameter yg (see Fig. 7),
comparing constraints obtainedwith helium observations fromAver et al. [63] and from EMPRESS [64]. Using the EMPRESS value, known to
have a mild discrepancy with standard predictions, shows a preference for nonstandard parameters ðyg;ΔNÞ ≠ ð0; 0Þ at the 2σ level.
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In Fig. 10, we compare the combined constraints that we
get using the standard value for the observed helium
abundance, or using the EMPRESS value. In both cases,
the PRIMAT rates are used. The constraints using the
EMPRESS measurement appear to be tighter, despite the
EMPRESS helium observations (18) having the same error as
the reference value (14). This feature is due to the EMPRESS

helium constraint having a smaller overlap with deuterium
and CMB observations than the standard helium constraint.
As in all the other cases considered in this work, there is an
overall preference for a positive ΔN and negative yg, but it
is more significant in this case, as it is almost exactly at the
2σ level. We highlight, however, that this preference should
be taken cautiously, both because of its low significance
and because of the phenomenological nature of the model
we considered here. Nevertheless, this clearly shows that
scenarios beyond the standard paradigm of neutrino evo-
lution in the MeV age are far from excluded, and even
slightly preferred.

V. DISCUSSION AND CONCLUSIONS

We have studied a model where extra dark radiation and
generalized neutrino y-type distortions are added on top of
the standard cosmological model. Specifically, the neutrino
distortions that we have considered belong to a general
class of “gray” distributions, a possibility largely over-
looked in the neutrino community. For the distortions to
have the effect described here, they need to be generated in
the relatively narrow window that starts at neutrino decou-
pling and ends at the freeze-out of proton-neutron reactions
(12). Even though this is a phenomenological model and
we propose no specific mechanism for the origin of these
distortions, we emphasize that any sufficiently efficient
interaction that conserves the number of particles could
cause a similar distortion. Therefore, such a distortion
could come, for example, from interactions between
neutrinos and this extra dark radiation, or between neu-
trinos and dark matter,8 or between neutrinos and an
extended dark sector, etc.
We have not taken into account the transfer of entropy

from e−eþ as they become nonrelativistic, as the way it
affects the neutrino spectrum could be affected by the
physics causing the distortion. For a given scenario, one
would need to compute neutrino decoupling correctly (with
a neutrino transport code à la [2,3,20,43]). This is beyond
the scope of this article and left for future work. We note
however that, in the standard case, this results in percent-
level changes to the distributions, far below the size of the
distortions allowed in our study.

The dark radiation and the spectral distortions have a
very similar gravitational effect, which causes a degeneracy
between them that the CMB and later-time observables
cannot break. Nevertheless, we have found that BBN
observations (in particular, observations of the primordial
helium abundance) can break this degeneracy, thanks to the
neutrino weak interactions’ effect on the neutron-to-proton
ratio at freeze-out.
This has allowed us to place simultaneous constraints on

the parameters characterizing the dark radiation and the
distortions, ΔN and yg. These bounds strongly constrain
scenarios with a positive yg (shift of the distribution to
higher energy neutrinos) and a negative ΔN. In contrast,
scenarios with a positive ΔN and negative yg are more
weakly constrained, although we can rule out a scenario
where more than ∼1=2 of the neutrino energy density is
replaced by dark radiation. Nevertheless, we find a slight
preference for a smaller replacement when using helium
observations from EMPRESS [64], known to be in slight
tension with standard helium predictions. To a lesser extent,
we also find a slight preference for nonstandard physics
when employing the default nuclear rates used in PRIMAT,
known to cause a slight discrepancy between the predicted
deuterium abundance in the standard scenario and the
observed deuterium abundance. This highlights the impor-
tance of getting more (and more precise) BBN observa-
tions, as well as better measurements of the nuclear rates, as
BBN remains our key probe of nonstandard neutrino
features in the early Universe. More generally, this work
shows that the commonly accepted scenario of BBN-era
physics can be significantly challenged, while remaining in
excellent agreement (or even improving the agreement)
with the few hints and clues left by the early Universe in
cosmological observables.
We used Matplotlib [81], NumPy [82], SciPy [83], GetDist [84],

and BATLOW [85] for calculations and generating plots.
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8Note that, if dark matter is cold, its abundance at such early
times is expected to be negligible, making it unlikely to cause
sizable distortions. However, if dark matter is warm and becomes
relativistic at very early times, its abundance could be non-
negligible, allowing it to generate such distortions.
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