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Global view of neutrino interactions in cosmology:
The free streaming window as seen by Planck

Petter Taule®,” Miguel Escudero®,” and Mathias Garny*
Physik-Department, Technische Universitdt, Miinchen, James-Franck-Straf3e, 85748 Garching, Germany

® (Received 19 July 2022; accepted 14 September 2022; published 30 September 2022)

Neutrinos are expected to freestream (i.e., not interact with anything) since they decouple in the early
Universe at a temperature 7 ~ 2 MeV. However, there are many relevant particle physics scenarios that can
make neutrinos interact at 7 < 2 MeV. In this work, we take a global perspective and aim to identify the
temperature range in which neutrinos can interact given current cosmological observations. We consider a
generic set of rates parametrizing neutrino interactions and by performing a full Planck cosmic microwave
background (CMB) analysis we find that neutrinos cannot interact significantly for redshifts
2000 < z < 10°, which we refer to as the freestreaming window. We also derive a redshift dependent
upper bound on a suitably defined interaction rate Iy (z), finding Ty (z)/H(z) < 1—10 within the
freestreaming window. We show that these results are largely model independent under some broad
assumptions, and contextualize them in terms of neutrino decays, neutrino self-interactions, neutrino
annihilations, and Majoron models. We provide examples of how to use our model independent approach
to obtain bounds in specific scenarios, and demonstrate agreement with existing results. We also investigate
the reach of upcoming cosmological data finding that CMB Stage-IV experiments can improve the bound
on I (z)/H(z) by up to a factor 10. Moreover, we comment on large-scale structure observations, finding
that the ongoing DESI survey has the potential to probe uncharted regions of parameter space of interacting
neutrinos. Finally, we point out a peculiar scenario that has so far not been considered, and for which
relatively large interactions around recombination are still allowed by Planck data due to some degeneracy

with ng, Ay, and H,. This scenario can be fully tested with CMB-S4.
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I. INTRODUCTION

Neutrinos are ubiquitous in cosmology and they re-
present a relevant component of the energy density of the
Universe across its entire history. For example, after
electron-positron annihilation and while the Universe is
radiation dominated neutrinos represent around 40% of the
energy density of the Universe. This in turn means that we
can use cosmological observations to shed light on the
properties of the most elusive particles in the Standard
Model [1,2]. Prime examples of this power are the bounds
that can be derived on the neutrino mass, m,, and the
number of effective relativistic neutrino species, N, from
cosmic microwave background (CMB) observations [3].
Importantly, cosmological data can be used to test other
relevant properties of neutrinos and in this work we will
focus our attention on neutrino interactions.

In the Standard Model, neutrinos decouple from the
primordial plasma at a temperature 7 ~ 2 MeV [4,5], when
the Universe was only # ~ 0.1 s old, and they do not interact
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with anything else afterwards apart from gravity. Given
that neutrinos are ultrarelativistic until very late times,
Zor = 200m,/0.1 eV, and that they do not interact, neu-
trinos are said to freestream. The freestreaming nature of
neutrinos makes them a very special component at the level
of cosmological perturbations and this has important
implications for CMB observations [6]. The reason for
this is twofold. First, since neutrinos do not interact, they
represent the only species capable of developing a sizeable
anisotropic stress (which is gradually generated by small
velocity perturbations sourced by the primordial perturba-
tion spectra). Second, the neutrino anisotropic stress, via
Einstein’s equations, directly affects metric perturbations
which are the source of the CMB anisotropies. Indeed, the
neutrino anisotropic stress together with ultrarelativistic
neutrino velocities leads to phase shifts on the CMB spectra
that cannot be mimicked by standard cosmological param-
eters given adiabatic perturbations [6].

Current CMB observations are in excellent agreement
with the Standard Model picture of three freestreaming
neutrinos, see [3,7-10]. However, there are many scenarios
beyond the Standard Model that can affect neutrino free-
streaming and make neutrinos interact in the early
Universe. In this context, the CMB has proven to be a
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FIG. 1.

Left panel: damping rates of the neutrino anisotropic stress (I'y) as a function of redshift for various models of interacting

neutrinos—see Sec. VI for a discussion of the various models. In dotted we highlight the sensitivity of Planck and CMB-S4 to these
rates (provided that ', /H = 1, see Figs. 4 and 5 for the actual constraints). Right panel: summary of models with interacting neutrinos
including the overall scaling of the rate suppressing neutrino freestreaming in the early Universe.

laboratory to test potential interactions of neutrinos with
themselves and with other light species within various
particle physics motivated frameworks. In particular, many
groups have studied the cosmological implications of
neutrinos undergoing strong self-interactions [11-20] (as
mediated by, e.g., a MeV-scale neutrinophilic boson), of
neutrinos annihilating into massless scalars [21-27], of
neutrinos interacting via decays and inverse decays with
eV-scale neutrinophilic scalars [28-31], and of decaying
neutrinos [32—39].1

At the cosmological level, the difference between all
these models mainly resides in the temperature dependence
of the interaction rate I'; parametrizing the damping
of the neutrino anisotropic stress, to which we refer as
non-freestreaming rate and which plays a central role
throughout our analysis. To highlight these differences
we explicitly show the temperature evolution of this rate for
various models with interacting neutrinos in Fig. 1. For
example, models where neutrinos annihilate into massless
species affect neutrino freestreaming at low temperatures
since 'y /H ~ T~'/? (see blue line in Fig. 1). Others, such
as self-interacting neutrinos, suppress neutrino freestream-
ing at high temperatures since ', /H ~ T> (see red line in
Fig. 1). Furthermore, in scenarios with eV-scale neutrino-
philic bosons the interaction is transient and affects
neutrino freestreaming only within a certain window of
redshifts (see orange line in Fig. 1).

While previous works have studied various aspects of
neutrino freestreaming within particular frameworks we
believe that there remain several aspects of this issue to be

'Other somewhat related scenarios involve self-interacting
sterile neutrinos [40—43], strongly interacting dark radiation
[44—47], or neutrinos interacting via long-range forces [48,49].

explored and we aim to address them in this study.
Specifically, in this paper we aim to answer the following
questions:

(1) What is the window of redshifts in which neutrinos
need to freestream in order to be compatible with
current CMB observations by Planck? We believe
that this is an important question that can globally be
used by particle physics model builders to readily
know the regions of interests within their models.
We acknowledge that this question has been ad-
dressed within particular frameworks, see e.g.,
[19,24,26,38], but we believe that it has not been
addressed in a model-independent manner.

Given this window, how efficient can the rates
suppressing neutrino freestreaming be? Once the
neutrino freestreaming window is established, we
would like to understand how large can the rate
suppressing neutrino freestreaming be as compared
to the expansion rate, Iy /H.

What is the sensitivity of Stage-1V CMB experiments
to neutrino freestreaming? We would like to under-
stand the global sensitivity of the next generation
of CMB experiments to models with interacting
neutrinos.

What is the sensitivity of observations of the large-
scale structure (LSS) to uncharted regions of
parameter space with interacting neutrinos? While
the effect of neutrino interactions is most promi-
nent in CMB observations, see, e.g., [22], it is
unclear whether LSS data can test regions of
parameter space that are not already constrained
by CMB data.

With the purpose of answering these questions in mind,
the structure of this work is as follows. In Sec. II we
describe the methodology we employ to account for the
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damping of neutrino freestreaming in a way that can
directly be mapped to several relevant models of new
physics. We also comment on the assumptions and limi-
tations of our approach. Our main results are presented in
Sec. III, based on a full Planck legacy data analysis. There
we show the existence of a redshift window in which
neutrinos cannot interact given Planck data, and discuss its
model (in-)dependence. In Sec. IV we explore the sensi-
tivity of the future CMB-S4 experiment and in Sec. V the
potential reach of experiments probing the matter power
spectrum to nonfreestreaming neutrinos. We show exam-
ples of how our generic constraints can be translated into
bounds on new physics parameters within specific models
with interacting neutrinos in Sec. VI, where we also
compare with existing literature. Finally, we present our
conclusions in Sec. VII. In addition, the interested reader
can find several checks and details in Appendices A and B.

II. DAMPING OF NEUTRINO FREESTREAMING
AND CMB ANALYSIS

A. Modeling of neutrino interactions:
Key ingredients and approximations

Einsteins equations couple the neutrino anisotropic
stress to the evolution of metric perturbations. These
metric perturbations, in turn, are the source of the photon
anisotropies which then form the basis of the CMB.
Schematically, we have

o, = 6G,, — oT,,|, — oT,, (1)
where 6 means a perturbation, T, represents the stress
energy tensor of a given species, o, is the neutrino
anisotropic stress which is intimately related to the traceless
part of 57"}\,/, G,, is Einstein’s tensor and T, the CMB
temperature.

In this work we are interested in scenarios where the
neutrino anisotropic stress is damped by some interactions
(i.e., 6, = 0). In order to model the growth, damping and
potentially subsequent regeneration of anisotropic stress we
shall model the evolution of the small neutrino perturba-
tions using the synchronous gauge. Following standard
methods [50] we can describe the perturbations of massive
neutrino perturbations as

d‘PO . qk 1 hdlnfo

- - 2
dr € lJr6 dlng’ (22)
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Here W,(k,q,7) represents the contribution of the £th
Legendre polynomial to the perturbed distribution function
of neutrinos in Fourier space, i.e., 6f ~W. f, is the
isotropic and homogeneous neutrino distribution function
which we take to be a frozen Fermi-Dirac distribution
with T, = T, /1.39578 as expected from neutrino decou-
pling: fo(q) = [1 + exp(q/T?)]~!, where T? is the neutrino
temperature today. Here, ¢ represents the comoving
momentum, € is the comoving energy, k represents a given
comoving wave number, 7 is the comoving time, a is the
scale factor, and & and 7 are the metric perturbations.2
Finally, I',f, is the rate at which neutrino freestreaming is
suppressed. Before we turn to specific forms of this rate we
would like to explicitly state various assumptions and
approximations used to derive Egs. (2):

(1) We use a relaxation time approximation, assuming
that the neutrino interaction rate, "¢, is independent
of the momentum and the Fourier wave vector and
only depends on temperature. Therefore, ' cor-
responds to the average rate at which neutrino
freestreaming is damped. This is a good approxi-
mation because in practice although our formalism
tracks separately each neutrino ¢ mode, the cosmo-
logical neutrino mass bounds (even in the presence
of interactions) restrict neutrinos to have small
masses, »_ m, < 0.2 eV. We shall see that neutrino
interactions can only have relevant implications if
they are active at z 2 1000, which means that
neutrinos were ultrarelativistic at the time at which
the interactions are active. This thus reproduces the
same approach as used in, e.g., [11,26,34] but now
allowing for a non-negligible neutrino mass. For a
discussion of the effects of including the momentum
dependence of the interactions, see [12,38].

We have assumed that neutrinos form a single,
ultrarelativistic fluid with the energy density ex-
pected in the Standard Model. This assumption is
broadly justified in all scenarios of interacting
neutrinos in cosmology presently in the literature
(as highlighted in Fig. 1). For example, in the case of
neutrino scatterings there are indeed no new light
BSM states and the approximation applies exactly.
In the case of neutrino annihilations into light states,

2

*We have disregarded tensor perturbations because their
impact on the CMB anisotropies is small. We note, however,
that the neutrino anisotropic stress energy tensor is in fact relevant
in their evolution [51]. However, we have explicitly checked that
the effect of the neutrino interactions considered in this work do
not lead to any relevant impact on the unlensed BB power
spectrum.
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since these states are necessarily lighter than neu-
trinos this means that they are also relativistic. This
happens similarly in the case of neutrino decays. In
addition, the total energy density of the joint system
is similar to the SM value until 7, < m,, as a result of
energy density conservation. At such low temper-
atures neutrinos cannot affect the primary CMB
anisotropies and thus the effect of this is small. In
addition, Refs. [22,37] explicitly confirm the small
change in the total energy density of the total fluid of
neutrinos and BSM states in such scenarios. Finally,
in the case of light bosons decaying into neutrinos
the situation is a little bit different because these
states need to be heavier than neutrinos and thus can
easily become nonrelativistic before recombination.
However, it has been shown that in most cases the
contribution to the energy density of the massive
boson to the joint neutrino 4 boson system is
typically small, <O(10)% [4]. Furthermore, in such
scenario the effect of reducing the neutrino free-
streaming is much more significant than the modi-
fied expansion history provided that the rate of
interactions is substantially large I',¢/H > 1, see
[29]. In order to deal with the region of I's/H ~ 1
one would need to take into account the effect of the
mass of the boson in the sound speed and equation of
state of the system. This, however, is an effect that
would only alter a small region of parameter space
under our study and we neglect it. Thus, in general
this approximation is indeed well met in most of the
models already present in the literature and within
the testable parameter space.

Finally, we refer the reader to Sec. VI where we
demonstrate that taking these approximations one can
recover results that have been obtained in specific neutrino
interacting scenarios in the literature.

B. Rates suppressing neutrino freestreaming

The power of the approximations described above is that
they allow for a fast solution of the neutrino perturbations
for many different scenarios suppressing neutrino free-
streaming. Here, since we are aiming to find out in a model
independent way the shape of the redshift window in which
neutrino freestreaming is essential to explain CMB obser-
vations, we will consider an array of rates suppressing
neutrino freestreaming. First, we consider rates that scale as
power-laws in temperature I' ¢ o 7", and that we explic-
itly describe by

1 + z Mint
M) = ) (15) " O
1 + Zint
Here H(z;,) is the Hubble rate at the redshift z;,, at which
[t (Zint) = H(zine), and nyy is a power-law index. For our
analysis, we consider the power-law indices:

Rine = [5,4, 3] (High-z interactions), (4)

N = [-5,-3,—1,1] (Low-z interactions).  (5)
We have split them into scenarios where the interactions
become relevant at high redshift and then eventually turn
off, and those that become relevant at low redshift. This
distinction is easy to follow since H 72 in a radiation
dominated Universe and H « T/? in a matter dominated
one. We note that these power-laws are phenomenological
but actually reproduce many well motivated scenarios. In
particular, n;, = —5 corresponds to neutrino decays
[37,38] (magenta line in Fig. 1), n;, =1 to neutrino
annihilations into massless states [12,26] (blue line), and
Ny = 5 to neutrino self-interactions [11,13] (red line).
Finally, we note that given that H « 77 the rate with
n;,, = 3 corresponds to a neutrino interaction that is almost
constant over temperature which could lead to a qualita-
tively different behavior compared to the other cases.

In addition, we consider a family of rates of neutrino
freestreaming that are transient in redshift as motivated by
eV-scale neutrinophilic bosons [28-30,37,38]. In particu-
lar, we describe the rate by the following function:

Do (2 2t T/H[GEY)

int nfs

= g T ke )2 K, (ax) K@, (0

where x = (1 + z*) /(1 + z), and z2** corresponds to the
redshift at which the rate divided by the Hubble
rate becomes maximal. The parameter I'/ H|"j* then con-
trols the value of I’y /H at the maximum. We consider
three different choices for the power-law index: b = 0,2, 4,

which determines the slope for z>>z™, where

[y < T-UH2) We set a = 4.7 which ensures that the
rate in each of these scenarios becomes maximal at
z = zjp*. Finally, by imposing the normalization condition

Cats/H| e = T/ H|TE* we can numerically fix the constant

C for these cases. The values we consider are:

b=0, C=1/130, (7)
b=2 C=1/240, (8)
b=4,  C=1/420. (9)

Again, although phenomenological in nature, we note that
these values are motivated from a particle physics view-
point in the presence of decays and inverse decays of
neutrinos (or particles interacting with them). In particular,
b =0 would correspond to the rate controlling the back-
ground evolution of such a system [29], b = 2 represents
the heuristic rate suppressing neutrino freestreaming
assuming a random walk [28], and b = 4 represents the
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best motivated scenario and roughly matches the temper-
ature dependence of the neutrino freestreaming suppression
rate in scenarios with decays and inverse decays [37,38].
For reference, this rate is shown in orange in Fig. 1.

III. Planck CONSTRAINTS ON NEUTRINO
FREESTREAMING

In this section we present Planck legacy constraints on
the various rates described in Sec. II that suppress neutrino
freestreaming in the early Universe. For this purpose, we
first implement the equations describing neutrino perturba-
tions in the Boltzmann code cLASS [52,53]. Then, we
perform a Markov-chain-Monte-Carlo (MCMC) analysis
using MontePython [54,55], for which we use Planck TT +
TE + EE + lowE data [3] combined with data from baryon
acoustic oscillations (BAO) as in the Planck legacy analysis
[56-58]. We use the same priors as the Planck collaboration
[3] for both the standard cosmological parameters as well as
for the nuisance parameters in the Planck likelihoods. We
use the following priors for the redshift at which the neutrino
interaction goes above Hubble [see Eq. (3)], which control
the neutrino interaction rate in all the power-law cases:

for ny, = [-5,-3,-1,1], (10)

(11)

For the transient scenarios, where the rate is parametrized by
two parameters, zi.* and I'/H|, we use the following
priors:

logozin = [2.4],

logl() Zint = [3, 6], for Rint = [3,4, 5}

max

logyg zint” = [1,7], (12)

(13)

Note that the meaning of z;, and z{)i* is different. While z;,

refers to the time at which 'y = H, z®* corresponds to the
redshift at which the interaction rate divided by the expan-
sion rate in the transient scenarios is largest. For instance,
zZmax — 10 for the interaction rate shown in orange in Fig. 1
while z;,, = 10° for the interaction rate in red in the same
figure. For each interaction case our analysis chains consist
of more than 3 x 10° steps and we check that the Gelman-
Rubin convergence diagnostic always satisfies R — 1 <
0.02 for all cosmological and nuisance parameters in
the MCMC.

loglo F/H max —

nfs

[~4,7).

A. The neutrino freestreaming window

In Fig. 2 we display the posterior probabilities for Hy, n;,
> m, and log, zj, for the seven power-law cases under
study (a full 8 x 8 plot is shown in Fig. 8). First, we do not
find any relevant correlations between the interaction
redshift and any standard cosmological parameter apart
from the spectral index of primordial fluctuations, n,, with

the exception of the n;, =3 case (which is discussed
separately below). In the scenarios with neutrinos interact-
ing at high redshift the reconstructed value of 7, is slightly
smaller than in ACDM while for the case of neutrinos
interacting at low redshift 7, is slightly larger. Nevertheless,
for any n;,, # 3 the difference with respect to the ACDM
value is within ~1¢ and therefore not too significant. This
can be clearly be seen in Fig. 2 and we note that indeed
similar trends were found in dedicated studies which focus
solely on one type of interactions, see, e.g., [11,14,26,38].

Second, we do not find any statistically significant
preference for neutrino interactions in any of these cases.
As a result, we can obtain exclusion limits on z;,, for the
various power-law cases. In Table I we display the
95% C.L. and 99.7% C.L. limits on z;,, for each scenario.
We can clearly split the cases into two, the ones in which
neutrinos interact at low redshift and in which they do so at
high redshifts. In the low-redshift cases we find that the
bound on gz, is somewhere between 1300-2400. This
result highlights the presence of a clear redshift window
above which neutrinos cannot be interacting if the inter-
action kicks in at low-redshifts,

Zine < 2000. (14)
Similar constraints have been obtained in specific scenarios
that consider one or another power-law index, see
Refs. [24,26,34,38]. Importantly, because we consider all
of them simultaneously we can see the moderate
differences for each case. For example, comparing the
nin = =5 and n;,, = —3 cases we see that the bound on z;,
is more stringent for the former. This was to be expected as
the temperature dependence is sharper and does highlight
that there lies some intrinsic uncertainty as to what the
bound on z;, is, depending upon the power-law index that
controls the rate. Notice that the bound on z;,, for the n;,, =
—1 case is weaker than the rest because for this particular
case we find a small ~lo preference for interactions.
Preferences of similar strength in scenarios with neutrinos
interacting at low temperatures have been reported in the
literature [24,26,27,29,31,34,38]. As discussed in [34]
these weak preferences are likely driven by moderately
low-Z Planck polarization data.

Next, looking at the scenarios in which neutrinos interact
at high redshifts, we find 95% C.L. bounds on z;,, at the
level of zj, > (8 —9) x 10* for the cases nj, = 4, 5. The
bound for ny, = 5, zjye > 8.5 x 10%, can be compared with
previous analyses in the literature, which found z;,, > 10°
[11,14,19]. Hence, our bound agrees very well with these
previous results and the small discrepancy can largely be
attributed to slight differences in the modeling and the
parametrization/priors used to explore the parameter space
(see also Sec. VI). Taking into account the results from the
power-laws with n;, = 4,5, we see that Planck data
restricts the interaction redshift to be
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FIG. 2. Posterior probabilities from our analysis of Planck + BAO data for the parameters H, ny, > m, and log,, zi,; for the 7
scenarios characterizing the suppression of neutrino freestreaming via a power-law I' & 7"n and with normalization such that
ot (Zing) = H(Zine)- In the 2-d contours we show 95% C.L. regions. From the lower-right panel we can clearly appreciate a window of
redshifts 2000 < z;,, < 103 where neutrino interactions are severely constrained. The only exception to this is the case n;, = 3 which
corresponds to a ratio I'/H that is almost constant. This leads to modifications of the angular power spectra that are considerably
degenerate with other cosmological parameters, in particular n, as shown in blue in this figure.

Zim 2 10°, (15)

for neutrinos interacting at high redshifts.

TABLE I. Planck + BAO constraints on the redshift at which
the rate suppressing neutrino freestreaming crosses Hubble, z;,.
The rates are described by I'r; & 7™, We also display the priors
used for such parameter as well as the 95% and 99.7% C.L.
bounds. The four upper rows correspond to interactions that
become active at late times while the three lower rows correspond
to the case of interactions being relevant at high redshift.

Model Prior on z, 95% C.L. 99.7% C.L.
Nt = =5 10gy0 zine = [2, 4] Zine < 1300 Zine < 2200
Nipe = -3 loglo Zint = [2, 4] Zint < 1900 Zint < 2300
N = -1 1ogio zin = [2, 4] Zine < 2400 Zine < 3000
Ny = 1 log]() Zint = [2, 4] Zint < 1800 Zint < 3100
Ny = 3 logig zine = [3, 6] Zint > 6500 Zine > 3300
i = 4 logig zine = [3, 6] Zine > 92000 Zine > 39000
i = 5 10g1¢ Zint = [3, 6] Zine > 85000 Zine > 28000

The case n;, = 3 is special as evident from Fig. 2. The
main reason for this is because the temperature dependence
of the interaction rate is not too different from that of the
Hubble rate, H « T2. This means that the CMB power
spectrum in this particular scenario can be affected across a
large range of multipoles. This in turn permits strong
degeneracies in the fit allowing rather low z;, at the
expense of a significant decrease of the spectral index n;
as well as to some decrease of A, and a small increase of
H,. A degeneracy of this nature was already found in
models with n;,, = 5 before Planck legacy data arrived,
see [13,14]. However, the case n;, = 3 allows for a much
larger degeneracy because in these scenarios neutrino
interactions alter a broader range of multipoles of which
its effect can indeed be mimicked by shifts on ny, A, and to
some extent H,. Importantly, since this affects n, and A;
one should wonder whether Planck lensing data can break
these degeneracies. For this purpose we have run an
additional analysis including the lensing likelihood.
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However, we have actually found that the parameter space
is unaltered by adding lensing to our baseline datasets. The
interested reader can explicitly see this comparison in
Appendix B.

Given these results what can we say about the neutrino
freestreaming window? What we find is that for all
scenarios in which neutrinos interact at low redshifts,
Zine < 2000, and for scenarios where the neutrinos interact
at high redshift with rates that are significantly different
than Hubble, z;,, = 10°. The case of n;, = 3 represents a
particular and curious case where degeneracies with n, and
A, allow significantly smaller values of z;,.. In addition, we
have found that Planck lensing data is not helpful in
breaking this degeneracy and does not restrict further z;,,.

We therefore conclude that there is a well defined
neutrino freestreaming window 2000 <z <10° where
neutrinos should freestream in order to be compatible with
Planck CMB observations. There is a small exception to
this which corresponds to scenarios where neutrinos
interact at high redshifts but where the rate suppressing
neutrino freestreaming has a redshift dependence that is not
too different from that of the Hubble rate—here highlighted
by the case n;, = 3.

B. Depth of the neutrino freestreaming window

The results from the power-law cases highlight the
presence of a redshift window where neutrino freestream-
ing cannot be substantially suppressed, 2000 < z;,, < 10°.
However, on their own they cannot tell us the depth of this
window, namely, they cannot tell us how large the inter-
action rate suppressing neutrino freestreaming can be
within this window. In order to understand this we have

Planck constraints on transient interaction rates

7 — b=0, T x T for z > zmax

int

6 - — b=2T T3 for z > zmax

int

— b=4,T T for z > zmax

int

max
nfs

log,o '/ H|

4.0
logyo Zint

FIG. 3. Posteriors (95% C.L.) using Planck + BAO data for
scenarios where the rate of neutrino freestreaming is transient, see
orange line in Fig. 1. In the y-axis we show the maximum value of
I'yi/H as a function of the redshift at which the rate becomes
maxima, zji**. We show the results for the three cases b = 0,2, 4,
that differ in the high temperature limit z >> z0®*, namely

mnt
corresponding to Iy o« 771, T73, T3 respectively.

show in Fig. 4 the redshift evolution of rates suppressing
neutrino freestreaming that saturate at 26 the Planck +
BAO bounds. In blue we show the results for transient
scenarios. From these, we can appreciate certain interesting
features. First, we can see a high density of blue lines
meeting in the region z~ (1 —2)x 10°. This clearly

run analyses for rates that are transient with three different N

high temperature dependencies as parametrized by the b
parameter in Eq. (7). As for the power-law law cases, our
Planck CMB analyses for the transient rates yield no
significant correlations between the parameters controlling
the interaction and the standard cosmological parameters.
The posteriors for the former are shown in Fig. 3. We can
appreciate that the results are fairly similar and a clear
difference in the trend of these bounds appears only at
Zmax < 103, This was to some degree expected as for 7 <
103 the behavior of the tails of the rate are relevant, as
controlled by the b parameter.

An important feature of the bounds in Fig. 3 is the flat
region that covers roughly 1033 <z < 105, In addition,
in this range the constraint for Planck + BAO on the
parameter characterizing the maximum interaction strength
is I'/H|M® < 1—-10. This highlights that indeed, in this
redshift window the interaction rate damping neutrino
freestreaming cannot be too large even if the interaction
is transient and is only effective for a limited period of time.

From Fig. 3 alone it is not possible to fully asses the
shape of the window of redshifts in which neutrino free-
streaming cannot be altered. In order to clearly see this we

108 T T T
% :  Rates supressing neutrino free streaming
3 \\\0‘ i compatible with Planck legacy data at 20
10* | X © Transient rates &
- :
bs .
L i Power laws, [y oc T 0=y
i : o]
I Mo < 1 )
B Apmm-—m=== A i . .
c . PN ~ v, |
[ : O >t
{ 3 . \ T J
.a{‘ N » J v”’:u
1041 : T il i
: X i 4
int ~ - A\ .
A \
10—8 L L X N L
102 108 104 10° 108
z

FIG. 4. Rates suppressing neutrino freestreaming which are
compatible at 20 with Planck + BAO data. In magenta we
show the results for the power-law cases, ' ¢, & 7", In blue we
show transient rates. We have obtained these curves by taking
points from the 26 exclusion limit in Fig. 3 for the b = 4 case.
From this plot we can clearly appreciate the existence of a
window in which neutrino freestreaming cannot be significantly
modified, 10> <z, < 10°, and also the strength of the inter-
actions suppressing neutrino freestreaming within this window
I'y/H < 1-10.
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95% C.L. upper limits for scenarios with a transient rate suppressing neutrino freestreaming. Each panel corresponds to the

case of Ny, = 1, 2, and 3 interacting neutrinos, respectively. In black we show the current Planck + BAO bound and in red we show the
forecasted reach for CMB-S4 in combination with Planck. The colored points in the rightmost panel correspond to a choice of
parameters for which we explicitly show the angular power spectrum in Fig. 6.

establishes the presence of this window and shows that
neutrino freestreaming cannot be damped below such
redshifts. This redshift roughly matches the one at which
perturbations enter the horizon as relevant for CMB
observations. Namely, z ~ 10° corresponds to a conformal
time 7 ~ 79/ with £ ~ 2000 as relevant for Planck CMB
observations.

In Fig. 4 we also show in magenta the redshift evolution
of the power-law rates that saturate the 206 Planck + BAO
bounds. It is very interesting to see that the lines corre-
sponding to interactions at high redshift meet at z ~ 8 x 10*
and that they also meet with the envelope formed by the
blue lines around that area.’ The region with z < 10* shows
more features. It appears that the transient scenario does
allow interactions to be efficient (I'/H ~ 1—10) over some
period of time close and prior to recombination. The reason
for this may be related to the small preferences seen in
scenarios with interactions of neutrinos at low redshifts
[24,26,27,29,34,38]. Lastly, we see that at z~ 103 the
various power-laws and the transient rates globally meet.

In summary, our Planck + BAO analysis highlights that
neutrino freestreaming cannot be significantly suppressed
in the redshift window 103 < z;, < 10°, as can be most
clearly seen in Fig. 4. We have explicitly found that the
exact boundary is largely model independent with the
exception of the n;,, = 3 case, where we find that degen-
eracies with n, and A, can allow neutrinos to be interacting
at smaller redshifts than 10°. We summarize the precise
bounds in Tab. I for the various power-law cases. With this
window of redshifts in mind, we have subsequently
performed analyses of rates where the interaction is
transient, namely where one starts and ends up with
freestreaming neutrinos but with a period in between where
the anisotropic stress is damped. Our results for those types
of scenarios show that the interaction rate as compared to
Hubble cannot be significantly larger than I',s/H in this

*We do not show the nine = 3 case because of the strong
degeneracies that arise with n,; and A, in this scenario.

redshift window. Thus, we have delimited not only the
extension of this window but also its depth.

IV. CMB STAGE-1V RESULTS

The next generation of CMB experiments, including the
Simons Observatory [59], LiteBIRD [60], and CMB-S4
[61], are expected to significantly improve upon Planck’s
legacy by providing either better polarization measure-
ments on large scales and/or by measuring in detail the
small scale anisotropies of the CMB. In the context of
neutrino freestreaming, we would like to understand the
degree to which the next generation of CMB experiments
can improve upon Planck on the region of redshifts at
which neutrino freestreaming affects the CMB anisotro-
pies. With this in mind, we run forecast analyses of CMB-
S4 using again CLASS and MontePython. To do this, we set up
a futuristic likelihood assuming that the measured power
spectrum would be given by a Planck-legacy cosmology
and where the CMB likelihood is constructed using
expected CMB-S4 error bars as done in [62].4 In addition,
in the previous section we have only considered cases
where all three neutrino species were interacting. In order
to see how much this assumption affects the window of
redshifts where neutrino freestreaming cannot be altered,
we consider in this section scenarios with N, =1,2,3
interacting neutrinos. At the level of the MCMC analysis,
we use the very same priors as in Sec. IIL.

In Fig. 5 we show the results for the case of neutrinos
interacting with a rate that is transient as given in Eq. (7)
with b = 4. The three panels correspond to three cases
where the number of interacting neutrino species is

“In particular, we consider a dataset combination of CMB-S4
for fgy = 0.4 for 50 < £ < 3000 and a fake Planck Gaussian
likelihood with fg, = 0.57 for 2 < # < 50 and fg, = 0.17 for
51 < # < 3000, for both temperature and polarization spectra.
We used the inverse Fisher matrix as input covariance matrix to
the MCMC runs, which yields a good guess for the covariance
between the parameters and which significantly speeds up the
sampling convergence [55].
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FIG. 6. Relative difference in the TT power spectra in the case of interacting neutrinos via a transient rate as compared to the ACDM
model (the fiducial cosmological parameters are fixed and we set > m, = 0.06 eV). We show the error bars from Planck CMB
observations in gray, in black the expected sensitivity of CMB-S4 with fg, = 0.57, and in dashed the cosmic variance limit. The
parameters we pick for the interacting cases are given in the legend as well as displayed using the same colors in the rightmost panel

of Fig. 5.

N = 1,2, 3, respectively. By looking at the Planck +
BAO 20 constraints we can appreciate that at a given zji*
the bounds on I'/H|}@* become more stringent as the
number of interacting neutrinos increases. This was clearly
expected as the phase shift on the photon fluid generated by
freestreaming neutrinos is directly related to the energy
density they carry [6,28]. In addition, we notice that the
improvement of CMB-S4 over Planck is more significant
for scenarios with Ny, < 3.

By comparing in Fig. 5 the Planck+BAO and
Planck + CMB-S4 we can clearly see that CMB-S4
observations have the power to test neutrino interaction
rates that are ~1 order of magnitude weaker than Planck,
in general. The expected improvement from CMB-S4
depends sensitively on the value of z}** and the number
of interacting neutrino species Nj,.

In general, when increasing zjn* the effect of neutrino
interactions on the angular power spectrum shifts toward
higher #. This is because interactions were active at earlier
times, corresponding to smaller scales. Due to the increase
in sensitivity of CMB-S4 on small angular scales, the
improvement of the bound on the interaction strength is
particularly strong for large z{pi*. Note that this argument
applies directly to N;,; = 3. For N;,, = 1, and to a certain
extent also N;, =2, a CMB-S4 type experiment can
improve the sensitivity to neutrino interactions considerably
also for low values of z{i*. This is due to the larger allowed
values of the maximal interaction strength I'/ H|%* when
only a single neutrino species is interacting as compared to
the case where all of them are. Hence, the interaction can be
active over a longer period of time for N;,, = 1 as compared
to Ny, = 3. Fora given z;)?* the impact on the angular power
spectrum is therefore also shifted to higher # when lowering
Ni,.- This explains the increase in sensitivity of CMB-S4
over Planck for low z** and N;, = 1.

In order to have an understanding of the bounds and
expected sensitivity shown in Fig. 5, we show in Fig. 6 the

relative difference of the TT power spectra for three values
of Zi®* for representative values of I'/H|i* as highlighted
with dots in the right panel of Fig. 5. In these plot we show
the size of Planck error bars as well as those expected for
CMB-S4 [62]. We have chosen these points to highlight
regions of parameter space which are clearly excluded by
Planck data (green), at the boundary of Planck constraints
but within the reach of CMB-S4 data (orange), and those
that cannot be probed even with a cosmic variance limited
experiment (in blue).

In addition, we have run CMB-S4 forecasts for a power-
law rate with power n;, = 3 and n;,, =5, as we expect
CMB-S4 to be most sensitive to cases where neutrinos
interact at high redshift. In particular, we find that CMB-S4
in combination with Planck will have a sensitivity to
neutrino interactions up to redshift

Ning = 5 = Zint < 2.8 x 105(26)

[CMB-S4],  (16)

Mg = 3 = Zine < 2.4 % 10°(26) [CMB-S4].  (17)
For the case of n;,, = 5 this represents an improvement of a
factor ~3 to the current level of sensitivity that Planck
observations have, see Tab. L. In this case, the improvement
in sensitivity arises from the fact that CMB-S4 should be
able to measure the CMB anisotropies with almost cosmic
variance error up to £ ~3000. Since perturbation modes
with higher £ enter the horizon earlier, CMB-S4 is sensitive
to neutrino interactions at higher redshift as compared
to Planck.

The case of n;,, = 3 is particularly interesting in light of
the results we found in Sec. III, namely, that rather small
values of z;,, are allowed thanks to a degeneracy of this rate
with n, and to some degree with A; and H(y. The upcoming
sensitivity of CMB-S4 is quite telling, it shows that CMB-
S4 will be able to break this degeneracy (likely from cosmic
variance measurements of the EE spectrum). This would be
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FIG. 7. The power spectrum in models with interacting neutrinos normalized to that in a ACDM model (with massive neutrinos
>~ m, = 0.06 eV). We show the linear (solid) and linear + one-loop (dashed) spectra at z = 0 and the linear spectrum at z = 200
(dotted, mostly invisible behind the solid curves). Left: transient interaction case with b = 4 and various amplitudes I'/ H|™*. Middle:

nfs

power-law cases interacting at low redshift, in particular n;,, = =5 (blue), n;,, = —3 (yellow) and n;, = 1 (green). Right: power-law
cases Ny, = 5 (blue) and n;, = 3 (yellow) interacting at high redshift. For n;,, =3 we display also a case with an intermediate
interaction redshift z;,, = 19000 (blue), with reduced A; = 1.995 x 10~ and n, = 0.953. The ACDM model that we compare to has

A, = 2.116 x 10~ and n, = 0.966.

important because it could shape the neutrino freestreaming
window even for the case n, = 3 up to zj, ~ 2 x 10°.

In summary, we have explored the reach of CMB Stage-
IV experiments to neutrino freestreaming in the early
Universe. Our analysis shows that in the cases where the
rate that damps neutrino freestreaming is transient, CMB-
S4 would be sensitive to interaction rates that are roughly
an order of magnitude smaller than those that are currently
probed by Planck. In addition, CMB-S4 observations will
be able to test neutrinos interacting up to a red-
shift z;, <3 x 10°.

V. IMPLICATION FOR LSS OBSERVATIONS

Large-scale structure surveys mapping the distribution of
tracers of the matter density field are sensitive to mod-
ifications of the matter power spectrum on weakly non-
linear scales k ~ O(0.1)h/Mpc, within the regime of
baryon acoustic oscillations. Ongoing and future galaxy
surveys such as DES [63] and DESI [64] as well as the Vera
Rubin Observatory [65] and the satellite telescopes Roman
[66] and Euclid [67] will increase the sensitivity to the
(few-)percent level, building on the eBOSS legacy [68,69].
Furthermore, DESI collects a large number of quasar
absorption spectra that will allow us to probe the matter
power spectrum via the Lyman-a forest [70] on smaller
scales k ~ O(1)h/Mpc (around the nonlinear scale at the
observed redshifts z ~2—4), significantly extending the
latest BOSS DR14 dataset [71].

Neutrino interactions can potentially influence the matter
power spectrum on these scales mainly via two effects:

(i) Massive neutrinos lead to a well-known suppres-

sion of the matter power spectrum, originating
from a slower growth of matter perturbations
on scales with wave number k > kg relative to

the case of massless neutrinos, where kg~
0.05h/Mpc(m,/0.1eV)(Q%,/0.3)/2/(14+2)'/2 is
the freestreaming scale, while behaving as cold
dark matter on large scales, i.e., for k < kg
Neutrino interactions at low redshift z < z,,, alter
the anisotropic stress, that in turn affects the
evolution of neutrino perturbations, and can
modify the scale-dependence of the suppression
of the matter power spectrum on scales k ~ k.
(i) Neutrino interactions at high redshift, i.e., for
7 2 O(z¢q = 3400), alter the gravitational potentials
and therefore also the (logarithmic) growth of matter
perturbations during the radiation era. This imprints
a modification on the matter power spectrum for
modes entering the horizon in these epochs, and
while neutrino interactions are relevant, analogously
to the CMB spectra.
In Fig. 7 we show the relative difference P(k)/P scpm (k) of
the matter power spectrum for the case with and without
interactions, for the cases of a transient interaction rate
(left), power-law interaction active at low redshift (middle)
and at high redshift (right). In order to assess the maximal
effect consistent with CMB constraints, we choose an
interaction strength that is close to the boundary of the
95% C.L. allowed region of our CMB analysis. In order to
disentangle the two effects mentioned above, we show the
ratio of linear power spectra today (z = 0, solid lines) and
at the time when neutrinos start to become nonrelativistic
(z = 200, dotted lines). We find practically no difference,
implying that the second effect discussed above is by far
dominant.

The dominance of the second mechanism implies that
the imprint on the power spectrum is much larger for
scenarios where neutrinos interact at high redshift, as can
be seen by comparing the middle and right panels of Fig. 7
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for power-law cases, as well as by comparing the results for
the various z,,,, in the left panel. For example, for transient
interactions with z,,,, = 103 the linear power spectrum is
modified at the 5% level, and for power-law interactions
with n;, = 5 at the 10%—15% level. The scales at which
these deviations occur correspond to the perturbation
modes that enter the horizon while the damping rate '
of anisotropic stress due to neutrino interactions is com-
parable to or larger than the Hubble scale.

In order to illustrate the relevance of nonlinear effects we
also show the impact of adding the first nonlinear correc-
tion within perturbation theory for large-scale structure
[72], the so-called 1-loop correction, by the dashed lines in
Fig. 7 (see [73-76] for schemes taking the neutrino
anisotropic stress into account beyond the linear approxi-
mation). The 1-loop correction is evaluated at z = 0, and
we observe an enhancement of the differences compared to
the noninteracting case. Nevertheless, on scales where the
solid and dashed lines deviate significantly, a full nonlinear
analysis would be required. Note that the size of the loop
correction roughly decreases with the second power of the
linear growth function at higher redshift relative to the
linear contribution, such that non-linear corrections are
smaller by a factor ~10 at redshifts z = 2—4.

The change of the matter power spectrum is most
pronounced for modes of order 1—104/Mpc in scenarios
with interactions in the pre-recombination era. Therefore,
future Lyman-a observations by DESI are a promising
strategy to further test this scenario, and, depending on the
assumptions on astrophysical uncertainties [77], even
current BOSS data may already be competitive to CMB
bounds [71]. In particular, the pronounced k-dependence of
the impact of neutrino interactions on the matter power
spectrum provides a promising feature to break degener-
acies with astrophysical parameters of the intergalactic
medium [78]. For galaxy surveys it will depend on the
ability to disentangle galaxy bias from changes of the
underlying matter power spectrum whether neutrino inter-
actions can be tested [79,80].

Note that for the case of n;,, = 3, which is somewhat
special as discussed above, we show power spectra for two
benchmark scenarios in the right panel of Fig. 7. Both of
them are compatible with current Planck constraints. The
first one has a relatively strong interaction, that is still
allowed by Planck due to a degeneracy with n, and A,.
Thus, for the first model, we adjusted n; and A, accord-
ingly. Therefore, the power spectrum deviates from the
Planck best-fit ACDM model even on very large scales, at
the few percent level. In addition, it is suppressed on small
scales. Consequently, the degeneracy may be broken by
upcoming DESI Lyman-a and possibly galaxy clustering
data, apart from CMB-S4 experiments in the future, as
discussed above. The second benchmark model with n;,, =
3 has a weaker interaction strength (corresponding to larger
Zint)» for which ng and the other cosmological parameters

coincide with those of the Planck best-fit ACDM model.
Nevertheless, it leads to deviations in the power spectrum at
the 10% level on scales that are going to be probed
by DESL

We conclude that neutrino interactions in the pre-
recombination era can be tested by DESI via Lyman-a
forest observations, while neutrino interactions in the post-
recombination era are much harder to constrain with future
large-scale structure observations. In particular, there are
good prospects to break the degeneracy that occurs for
Planck observations in the n;,, = 3 case with large-scale
structure data.

VI. NEUTRINO INTERACTION MODELS AND
COMPARISON WITH THE LITERATURE

The aim of this section is threefold. First, we want to
highlight how the phenomenological rates suppressing
neutrino freestreaming used in the previous sections can
be related to particle physics models of interacting neu-
trinos. Second, we use these relations to see how our direct
bounds on the redshift at which the neutrinos stop to
freestream, z;,;, can be mapped onto bounds on particle
physics parameters such as couplings and masses of new
states. Third, we compare these bounds to dedicated studies
in the literature that focus on specific scenarios. This will
also serve as a test of the approximations used in our
modelling as discussed in Sec. IL

Globally, we aim to demonstrate how the model-
independent approach pursued in this work can be applied
to obtain bounds on parameters within specific models,
taking as an example a number of well-known cases. This is
intended to serve as an instruction on how to use our results
for estimating bounds in scenarios beyond the Standard
Model that are yet to be developed.

—uvv <> vv: Neutrino-neutrino annihilations and scat-
terings. Neutrino self-interactions in cosmology have been
a topic of intense study [11-20]. On dimensional grounds,
the rate at which the neutrino anisotropic stress is damped is
expected to be Ty ~ G2 T° where G is an effective
Fermi-constant parametrizing these interactions. In this
context, the authors of Refs. [12,14,15] have explicitly
calculated the resulting inhomogeneous Boltzmann equa-
tions for this scenario. The actual result can be put in a
similar form to our Egs. (2), but with some small ¢
dependence for the terms # > 2 which we do not account
for. However, this # dependence has been shown to be less
than 20% between ¢ =2 and £ =6, see Eq. (2.9) in
Ref. [14]. This implies that one can in practice actually
treat it as ¢ independent and therefore in this case I' ~
G2;T3. In our notation, it corresponds to the power-
law case of n;, = 5. Translating the bound from Tab. I
of zj > 8.5x 10* at 95% C.L. yields a constraint of
Gt < 4.1 x 107 MeV~2 = 3.5 x 10’Gp. This number
can be compared to the 95% upper limit from [18] that
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was derived using the same datasets we consider here (see
their Tab. 2): G < 4.3 x 107 MeV~2. Therefore, we see
that the results are in excellent agreement. On another note,
strong neutrino self-interactions of this type were proposed
as a possible avenue to solve the Hubble tension [15].
However, it was later shown that the solution does not stand
when Planck-legacy polarization data is used [17-19].
Here, we consider Planck legacy polarization data and we
do not find any relevant preference for interactions either,
as can be seen from the posterior for z;,, in the case of
n;, = 5 in Fig. 2. We note that, very recently, a study of this
scenario using data from the Atacama Cosmology
Telescope (ACT) [81] shows a 2 — 3¢ preference for
neutrino interactions [20]. When Planck data is included
in the analysis, however, this preference is reduced.

—uwv <> (p¢: Neutrino annihilations into massless sca-
lars. Another scenario studied in the literature is the case of
neutrinos annihilating into massless species [21-27]. The
exact Boltzmann equation has been formally derived in
[12], but has so far never been solved explicitly in the
literature. The most recent analyses of this scenario are
performed in Refs. [25-27] and use a relaxation time
approximation for the collision term and assume a coupled
v — ¢ system to model the perturbations. This effectively
means that the damping of the neutrino anisotropic stress is
considered to be proportional to the energy transfer rate
which is precisely what we assumed in Eq. (2d). In order to
map to a region of parameter space we need to consider an
explicit model. For illustration purposes, we consider
Majorana neutrinos coupled to a light pseudoscalar ¢ with
an interaction Lagrangian L;, = >3, (1/2)D;ysvih, where
A is a dimensionless coupling constant. In this case, the
annihilation cross section between two massless scalar
particles and two neutrinos is 6(s) ~ A*/(32zxs) log(s/m?)
[4,34] where /s is the center of mass energy. This means
that the rate suppressing neutrino freestreaming can be
parametrized as I =~ 10734*T,. We have obtained this by
taking Eq. (A4) of [34] and dividing it by p; = T}x?/30,
neglecting a small logarithmic correction to this formula.
This is precisely of the form of our power-law with index
nin = 1 for which we obtained z;,, < 1800 (see Table I).
This in turn implies a bound on the coupling A < 7.1 x 1077
at 95% C.L. While Ref. [26] uses a slightly different
effective coupling we have explicitly checked that their
resulting bound can be translated into 1 < 7.4 x 1077 using
Planck 2015 4+ BAO data. We thus see a very similar result
and we attribute the slight improvement of the bound to
updated Planck polarization data in 2018 as compared
to 2015.

—¢ < vv: eV-scale neutrinophilic bosons. Decays and
inverse decays of eV-scale neutrinophilic bosons (¢) were
the first type of interacting neutrino scenario considered in
the context of CMB constraints [28]. The Boltzmann
hierarchy as relevant for neutrino freestreaming for this
scenario has only been recently explicitly computed in

Refs. [37,38]. These references have shown that actually
the naive relaxation time approximation is not a good
ansatz for the rate that suppresses neutrino freestreaming.
In particular, they have shown that the rate suppressing
neutrino freestreaming in these scenarios should be 'z ~
Ly(my/T)° at T>> my and Ty =Ty /T at T < my,
where I';, is the decay rate in vacuum of the ¢ particle into
neutrinos. This is substantially different to what one would
naively expect at T > m,, from the typical energy transport
rate for decays and inverse decays I' ~T";(m,/T) [82], or
the one expected by taking a random walk at the back-
ground level, Iy > T (m,/T)? [28,32].

In this context, the only CMB analyses of this scenario
presently in the literature used the naive transport rate for
decays and inverse decays [29,30]. While clearly there is a
difference in scaling, the difference between all these cases
is actually not too significant when the rate is maximal,
which corresponds to T~ m, /3. Around and below these
temperatures all of these rates roughly match. In any case,
taking the formulas in [37,38] (see in particular Eq. (13) of
[38]) one can do an approximate mapping into the decay
rate in vacuum of a neutrinophilic boson with masses below
the keV scale. For concreteness, one can consider the case
of a scalar ¢ as the one considered in the previous
paragraph again described by L, = >3 ,(4/2)0;ysvid
but now with my > 2m,,. In this case, the process of decays
and inverse decays will form a coupled v — ¢ system where
the ¢ component represents ~10% of the energy density [4]
(provided that there is no primordial population of these
species). In this scenario, one can relate the rate in Eq. (13)
of [38] to our rate in Eq. (7) by doing the following
mapping: zji™* ~ 1200 m,/eV and by relating I'/ H|[?* ~
I';/(80H (ziy)) for the b = 4 scenario. For these settings
our rate agrees with that in [38] by better than a factor of 2
for 0.1 <T,/my <10, which is the relevant range of
temperatures [namely, this is when the rate can become
large as compared to H(z)]. With this in mind, having a
look at the black contour in Fig. 3 we can see that bosons
with a mass 0.1 eV <my <200 eV can in principle be
constrained by CMB observations. For illustration pur-
poses we can consider a given point. Taking the bound of
[/H|m > 1 at z"™> ~ 10* (see Fig. 3) then one can bound

nfs ~
the lifetime of such a scalar of mass my =~ 10 eV to be

Iy, <80H(z= 10%). In this case, the lifetime can be
written as I'y, = 3m,;4?/(16x). Rewriting this bound in
terms of the coupling we obtain 4 <5 x 10713 at 26. One
can compare this bound with the results in Refs. [29,30]
which performed a Planck analysis but using the other
energy transport rate which for such mass find
A <2x 10713, We clearly see that there is an overall
agreement but a relaxation of the bound by a factor of
~3 as a result of the fact that the actual rate reducing
neutrino freestreaming calculated in [37,38] is smaller than
the one considered in [29,30].
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Finally, there is a small caveat for the bounds in these
types of scenarios. The reason is that in this case one does
expect a potentially relevant nonstandard expansion history
prior to recombination which our formalism does not take
into account. This means it is possible that some other
regions of parameter space that are not constrained by the
suppression of neutrino freestreaming are in fact con-
strained by other effects (such as an enhanced Silk damp-
ing) which we do not account for here. Accounting for this
nonstandard expansion history, however, requires a dedi-
cated analysis that is beyond the scope of this work.

—; <> vj¢p: Neutrino decays. The fact that neutrino
decays could impact neutrino freestreaming was pointed
out almost 20 years ago [32]. Since then, the impact of
neutrino decays on CMB observations has been studied by
many authors [33-39]. In this context, very recently,
Refs. [37,38] have made a significant step forward by
providing the first calculation of the actual collision term
for neutrino decays in the early Universe. This supersedes
previous analyses using heuristic arguments to model the
rate at which neutrino freestreaming is suppressed
[24,32,34]. In particular, Refs. [37,38] now find that the
actual rate suppressing neutrino freestreaming is [z o
I,(m,/T)’(Am2/m2)* where T', = 1/7, is the neutrino
decay rate in vacuum and in the neutrino rest frame, and
Am? the mass-squared splitting between the heavier and
lighter neutrino mass states. By doing a Planck legacy
analysis, Ref. [38] finds constraints on the neutrino lifetime
that depend upon the specific decay channel but that can
reachz, 2 107 s at 95% C.L. In our case, for neutrinos with
masses m, < 0.1 eV, the power-law rate with n;,, = =5
matches the behavior of the actual rate which is explicitly
described in Eq. (13) of [38]. Translating our bound for this
rate of z;, < 1300 at 95% C.L. into a neutrino lifetime
requires specifying the number of neutrinos decaying and
also the relevant decay channels which in turn fixes the rate
as the neutrino mass differences are known. For the purpose
of illustration, consider the case of inverted ordering, with
two neutrinos decaying at the same rate, and assuming the
lightest neutrino to be massless. In this case vy and v, are
almost degenerate and Ty =~ (0.05/7,)(m,/T,)>. Using
our bound of z;,; < 1300 one can find a constraint on the
neutrino lifetime of 7, , >4 x 10% s at 95% C.L. This

should be compared to the result of Ref. [38] which for this
scenario has explicitly found 7, , > 5.5 107 sat95% C.L.,
which within our parametrization would correspond to
Zint < 1800. These numbers are comparable and we attrib-
ute the difference to two factors. First, we are running an
analysis over log;o(zj,) within a rather wide region,
while Ref. [38] uses a linear prior for the neutrino
freestreaming rate which in turn covers a much more
restrictive redshift range. This means that parameter space
volumes can affect to some degree the bound on z;,.
Second, given that the bound on 7, scales approximately as

(1 + zin)” a small variation at the analysis level can easily
account for the difference in the lifetime, and indeed
(1800/1300)7 ~ 10.

A particle physics model for n;,; = 3?7 Our analysis of
Sec. IIT has shown that neutrinos interacting with a rate
[ < T3 (i.e., with ny, = 3) could interact until much
lower temperatures than those allowed for the cases with
nin = 4,5, while being in agreement with Planck CMB
data. This happens because the redshift dependence of the
rate is comparable to H(z) and the suppression of neutrino
freestreaming can then be compensated at the CMB level
with shifts in ny, A; and H,. So far, however, there is no
particle physics model in the literature known to us that
possesses this rate. Nevertheless, it may not be complicated
to build such a model. For reactions involving two particles
[ =n{ov). Since no« T3, this would mean that
(ov) ~ constant. Of course, the model building difficulty
resides in the fact that neutrinos are relativistic at the time of
recombination, but it may well be possible to construct a
scenario where (ov) is indeed temperature independent.
Although beyond the scope of our study, it would be
interesting to consider building such a scenario in light of
the nonstandard values of n, and to a lesser degree A, and
H, that could be allowed.

In summary, there are several well motivated extensions
of the Standard Model where neutrinos can interact and
reduce neutrino freestreaming in the early Universe. With
this discussion we expect to give particle physicists a guide
on how constraints on the neutrino freestreaming window
can be translated into particle physics models, such as
couplings and masses.

VII. CONCLUSIONS

Cosmology has been shown to be a powerful probe of
neutrino interactions. In particular, the fact that the CMB is
compatible with three freestreaming neutrino species serves
as a stringent constraint on many particle physics scenarios,
including neutrino self-interactions, neutrino annihilations,
eV-scale neutrinophilic bosons, and neutrino decays (see
Fig. 1 for a summary of the models and the rates they lead
to). These scenarios can lead to a suppression of the
neutrino anisotropic stress which is particularly constrained
by Planck data.

In this work we have taken a global perspective on this
problem with the aim of narrowing down the region of
redshifts in which neutrinos have to be freestreaming in
order to be compatible with Planck data. In fact, we have
seen that this redshift window is somewhat dependent on
the precise temperature dependence of the rate that sup-
presses neutrino freestreaming as can be seen from Table 1.
Nevertheless, these results globally show that neutrinos
should freestream at 2000 <z <10° in order to be in
agreement with Planck data. The only exception to this is
the case of neutrinos interacting with I';; & 72, where the
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temperature dependence of I',;, and H is very similar. In
this case, we have found a degeneracy with n, (and to a
certain extent A; and H,) that allows for significant
interactions even around the epoch of recombination.

Importantly, we have also considered interaction rates
that are transient. This captures scenarios in which neu-
trinos are freestreaming at some high redshift, then they
become interacting, and eventually as the Universe cools
down they become freestreaming again. Our results for this
type of scenario are most clearly summarized in Fig. 4.
This, together with the results on neutrinos interacting via
rates that are power-laws in temperature, allow us not only
to corner the redshift window where neutrinos need to
freestream, but also to bound how large the neutrino
interaction rate can be within these redshifts. In particular,
we have found that across this redshift window
Iy/H < 1—10, while outside of the window a substan-
tially larger ratio is allowed.

In this work we have taken a simplified and model
independent approach to account for the suppression of the
neutrino anisotropic stress in the early Universe. However,
many of the rates that we consider can actually be mapped
to relevant particle physics scenarios. In particular, we
discussed such a mapping in Sec. VI. Although practi-
tioners should use the rates and results for models that are
already in the market from the dedicated analyses in the
literature, we hope that our discussion can be useful to
guide model builders interested in estimating bounds
within scenarios beyond the Standard Model that are not
yet discussed, without the need to perform a dedicated
Planck legacy analysis.

Finally, in Secs. IV and V we have discussed how future
data can improve Planck’s legacy by expanding the extent
and depth of the neutrino freestreaming window. In
particular, we have seen that CMB-S4 could not only
expand the upper limit of this window from z;, ~ 10° to
Zie = 3 x 10°, but it is also expected to be sensitive to
transient rates suppressing neutrino freestreaming that can
be up to an order of magnitude smaller than those
currently excluded by Planck, see Fig. 5. Moreover,
we find that the degeneracy of the neutrino interaction
strength with n, allowing for large interactions around
recombination for the special case ', o« 77 can be broken
by Stage-IV CMB experiments. In addition, we have
explored the implications of interacting neutrinos for
galaxy surveys. We have seen that the effect of neutrinos
interacting at low redshift can only lead to a small effect
on the matter power spectrum which is not expected to be
observable given Planck constraints. On the other hand,
we found that it is in principle possible for galaxy surveys
such as DESI to still probe scenarios where the neutrinos
interact only at high redshift, see Fig. 7. For these
scenarios, we have in addition calculated the 1-loop
correction in order to highlight where non-linear effects
can be relevant for future analyses.

In conclusion, we have investigated the model depend-
ence of CMB constraints on neutrino interactions, and
established the existence of a freestreaming window using
current Planck and BAO data. We find that the freestreaming
window is model-independent under some broad assump-
tions, with a notable exception of neutrino interactions for
which the interaction rate evolves similarly in time as the
Hubble rate, I',r/H ~ T. We have calculated how future
CMB and galaxy surveys can improve upon Planck’s
legacy, and furthermore break a degeneracy with n, (and
A, as well as H)) that exists for the special scenario of slowly
time evolving ratio ', /H. These results are relevant for a
variety of scenarios beyond the Standard Model where
neutrinos interact. Our results can be useful for determining
whether a given model is excluded by current cosmological
data or whether it could be tested by future surveys.
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APPENDIX A: APPROXIMATIONS

Solving the full Boltzmann hierarchy (2)° is computa-
tionally very expensive, and for MCMC exploration it is
preferable to use a more efficient method to integrate the
equations. In this appendix we discuss the approximation
schemes we utilize. Our overall strategy is to use the default
CLASS fluid approximation for non-cold relics (CLASS-
FA from here on) whenever appropriate, which has been
shown to work at the sub-permille level in ACDM for
phenomenologically relevant neutrino masses [84]. In
addition, for cases with three interacting neutrinos we
assume that the neutrinos are degenerate and solve the
hierarchy for one neutrino species.

Depending on the interaction type, we use the following
approximation schemes:

(i) Power-law, ny, = [3,4,5]: The interaction is effi-
cient at high redshift, therefore for a given mode %,
we use the full Boltzmann hierarchy up until the
point where kz > 31° at which CLASS-FA is turned
on. For the 95% C.L. z;, = 85000 for n;, = 5 this
means that the fluid approximation is turned on for
wave numbers k> 9 h/Mpc when z = z;,. We
compare the fluid approximation to using the full
hierarchy at all times for a grid of z;,, parameters in
the prior range [see Eq. (11)] and find differences on

*We truncate the Boltzmann hierarchy in the numerical
solution at /,,,, = 17 (CLASS default).
®This corresponds to the default settings of CLASS.
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FIG. 8.

nin = 3 case is special and we display it in more detail in Fig. 9.
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Full parameter constrains for the power-law interaction scenarios, corresponding to Fig. 2. We note that for n;,; # 3 there are
no strong correlations between z;,, and any cosmological parameter apart from the spectral index 7. It can clearly be seen that the

the C,’s that are negligible compared to cosmic
variance.

Power-law, ny,; =[5, =3, —1, 1]: The interaction is
efficient at low redshift, therefore we use a modified
CLASS-FA where we set explicitly the velocity
dispersion ¢ to zero in the fluid equations. This
modified approximation is turned on when kz >
(1/Mpc)tiy. In order words, all modes k> 1Mpc™!
are treated by the modified CLASS-FA when z = z;,,.
We checked that the error from the fluid approxima-
tion is negligible compared to cosmic variance for a
grid of z;,, parameters in the prior range.

Transient interaction, b = [0,2,4]: The interaction
is efficient at an intermediate redshift, so we

063539-15

utilize CLASS-FA, making sure that it is only turned
on when the interaction is small compared to the
Hubble rate. More specifically, given z** and

I'/H| we compute the time 7’ at which I'yi/H <
10~ (after the interaction has reached its maximum),
and allow the solver to switch to CLASS-FA when
both kt > 31 and 7 > 7’ are satisfied. Comparing this
approximation scheme to the full hierarchy, we find
negligible differences in the C;’s for an evenly spaced
grid of O(100) points in log;q zh*—1log;o I'/ H|I&*
parameter space.

For the runs with N;,, = 1 or N;,, = 2 interacting neutrinos,
we do not use any approximation scheme and always use
the full Boltzmann hierarchy for the neutrinos.
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FIG. 9. Posterior probability contours for the case of neutrinos interacting with a power-law with n;,, = 3. We show Hy, A, n, and z;,.
We display in gray Planck + BAO, inred Planck + lensing + BAO, and in blue the forecast of CMB-S4 assuming the true model to be
ACDM with @, =0.02239, @y =0.1199, Hy=68km/s/Mpc, In10'9A; =3.0521, n, =0.9659, 7., =5.7367 x 1072, and > m, ~0.

Finally, we checked the initial conditions for the neutrino
perturbations in the case where the interaction is efficient at
early times. In particular, we found negligible differences in
the angular power spectra when imposing the initial
condition W;5,(7y,;) = 0 compared to the standard initial
condition [50].

APPENDIX B: ADDITIONAL RESULTS
FOR THE n;,,=3 CASE

As discussed in the main text neutrinos can interact at
much lower redshifts than naively expected for a power-
law interaction rate with n;,, = 3. This happens because in

this scenario the time dependence of the rate is very
similar to the time dependence of the Hubble parameter,
which means that neutrinos can interact over a large
window of redshifts. This in turn allows the effect on the
angular power spectra to be approximately compensated
by variations of standard cosmological parameters. In
particular, n, and to a lesser extent A; and H,. Since this
affects n; and A; one should wonder whether Planck
lensing data could reduce the degeneracy. In this context
we run another analysis including this dataset and we
show it in red in Fig. 9. We see that actually the ability of
lensing to reduce this degeneracy is very modest. In
addition, we also investigate how the CMB-S4 experiment

063539-16



GLOBAL VIEW OF NEUTRINO INTERACTIONS IN ...

PHYS. REV. D 106, 063539 (2022)

can test this model. The results are shown in blue. We
can clearly appreciate that CMB-S4 will be capable of
breaking the degeneracy and reaches a 95% C.L. sensi-
tivity of zj, < 2.4 x 10°. We expect that the improved

precision of the polarization spectra at ¢ < 1000 as
compared to Planck plays an important role, along with
improvement of both temperature and polarization data up
to £ ~ 3000.
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