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Abstract. Standard cosmology predicts that prior to matter-radiation equality about 41%
of the energy density was in free-streaming neutrinos. In many beyond Standard Model
scenarios, however, the amount and free-streaming nature of this component is modified.
For example, this occurs in models with new neutrino self-interactions or an additional dark
sector with interacting light particles. We consider several extensions of the standard cos-
mology that include a non-free-streaming radiation component as motivated by such particle
physics models and use the final Planck data release to constrain them. This release con-
tains significant improvements in the polarization likelihood which plays an important role in
distinguishing free-streaming from interacting radiation species. Fixing the total amount of
energy in radiation to match the expectation from standard neutrino decoupling we find that
the fraction of free-streaming radiation must be ffs > 0.8 at 95% CL (combining tempera-
ture, polarization and baryon acoustic oscillation data). Allowing for arbitrary contributions
of free-streaming and interacting radiation, the effective number of new non-free-streaming
degrees of freedom is constrained to be Nfld < 0.6 at 95% CL. Cosmologies with additional
radiation are also known to ease the discrepancy between the local measurement and CMB
inference of the current expansion rate H0. We show that including a non-free-streaming ra-
diation component allows for a larger amount of total energy density in radiation, leading to
a mild improvement of the fit to cosmological data compared to previously discussed models
with only a free-streaming component.
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1 Introduction

Cosmological measurements have become an important probe of Physics Beyond the Standard
Model (BSM). Most recently the Planck mission has significantly improved the measurements
of the Cosmic Microwave Background (CMB), enabling the precise determination of cosmo-
logical parameters and comparison of the standard ΛCDM cosmology to its extensions [1].
The CMB is a particularly powerful probe of BSM scenarios with new light degrees of freedom
that are very weakly coupled to the Standard Model (SM), which are challenging to probe
directly with terrestrial experiments. These particles, however, are a generic feature of many
ultra-violet completions and extensions of the SM including additional neutrinos [2], dark
sectors (DS) [3, 4], string axions [5] and axion-like particles [6], and Goldstone bosons [7, 8].
Their cosmological imprints would be a first glimpse into BSM physics, and it therefore
constitutes an important science driver of the current and future CMB experiments [9, 10].

New contributions to the energy density of the Universe during recombination from
extra relativistic degrees of freedom would lead to observable changes in the CMB spectrum.
This extra amount of energy density has been historically parametrized by the number of
effective neutrinos, Neff , with the assumption that it affects the CMB in the same way as
neutrinos. There are two important effects on the CMB power-spectrum [11, 12] due to
neutrinos. First, they significantly contribute to the expansion rate before matter-radiation
equality (MRE), changing the sound horizon and diffusion scales — a purely background
cosmology effect, which affects crude features of the CMB power spectrum. Second, the
supersonic propagation of neutrino perturbations induces a phase shift on the sound waves
in the plasma which manifests as a phase shift in the CMB and baryon acoustic oscillation
(BAO) peaks [11, 13].
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While Neff was an appropriate parametrization of any new relativistic degree of freedom
for earlier CMB experiments, Planck’s measurements are sensitive enough to probe both
their contribution to the expansion rate and the evolution of perturbations [13–15]. The
latter is very sensitive to the particle nature of the relativistic species. In particular, the
phase shift is a direct consequence of the free-streaming nature of neutrinos. In many BSM
scenarios, however, the extra radiation interacts with itself or with dark matter, preventing
free-streaming and causing the radiation to behave as an ideal relativistic fluid. In these
cases Neff is an inadequate parametrization of the new species.

In this paper we study the impact of Planck’s final data release and other cosmological
data sets on models with both free-streaming and interacting radiation species with their
energy densities parametrized by Neff and Nfld, respectively. Throughout this work we pay
special attention to the impact of the non-free-streaming species on the tensions in the
measurements of the local expansion rate H0 and the amplitude of matter fluctuations σ8.
The discrepancy between local [16, 17] and high-redshift inferences [1, 18–20] of the local
expansion rate has a significance of ∼ 4 − 5σ depending on the data sets used (although
some local measurements are in better agreement with the CMB [21]). It is well known
that additional relativistic degrees of freedom can alleviate this tension by reducing the scale
of the sound horizon [22–24]. A multitude of models have been proposed that achieve this
by introducing additional energy either in the form of Neff [25], neutrinos with sizable self-
interactions [26, 27] or interactions with dark matter [28, 29], decaying dark matter [30]
or early dark energy [31–34]. Models with non-free-streaming radiation species studied in
refs. [13, 35] and in this work can be considered as a limit of the interacting neutrino models,
where the self-interactions are sufficiently large (i.e. faster than the Hubble rate) during the
times relevant for the CMB. The σ8 tension is milder [1, 36–39], at about ∼ 2σ. However
models with additional energy at around MRE motivated by H0 tend to increase σ8 and
aggravate the tension. This effect is lessened in models with interacting radiation, enabling
it to potentially address both anomalies.

This paper is organized as follows. In section 2 we show how scenarios with new free-
streaming or interacting radiation can arise from well-motivated particle physics models.
There, we argue that wide variety of free-streaming and interacting species occur naturally
in models with non-Abelian hidden sectors, or late equilibration of light particles. These
and many other models can be mapped onto an effective fluid description as detailed in
section 3; the resulting Boltzmann equations can be easily implemented in a solver such as
CLASS [40] or CAMB [41]. We then extend previous analyses of refs. [13, 35] by including the
latest data [42] and performing extensive comparisons against the base cosmology and models
with only free-streaming species in section 4. The inclusion of the latest data set is essential
due to the significant improvements in the treatment of polarization and its relevance for the
distinction between interacting and free-streaming radiation, parametrized by Nfld and Neff ,
respectively. In addition to models with freely varying Neff and Nfld, we consider subsets of
this parameter space motivated by the different scenarios discussed in section 2. In particular,
we study the scenario in which Neff +Nfld = 3.046 to show that Planck disfavors even one of
the neutrino flavors having significant interactions at the time of recombination. This enables
us to interpret these results in the context of the specific particle physics models discussed
in section 2. We also consider variations of the primordial helium fraction, Yp, which allows
for much larger radiation densities if one ignores constraints from direct measurements of Yp.
We summarize our findings and conclude in section 5.
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2 Models of dark radiation

In this section we present simple models of dark radiation that lead to different predictions for
the contributions to Neff and to its interacting counterpart Nfld. These models are not meant
as a complete set of possibilities, but as examples that motivate searching for a wide range of
(Neff , Nfld), which parametrize the cosmic energy density in relativistic degrees of freedom (in
addition to the photon).1 Explicitly, these quantities are normalized such that Neff ≈ 3.046
in ΛCDM well after neutrino-photon decoupling and electron-positron annihilation (we use
the result of ref. [44] — other recent calculations, e.g., refs. [45, 46], give similar values) so
the total radiation energy density is

ρrad = ργ + ρν + ρds = ργ

[

1 +
7

8
(Neff +Nfld)

(

4

11

)4/3 ]

, (2.1)

where ργ , ρν and ρds are the energy densities in photons, neutrinos and any additional dark
sector states. Thus, Neff and Nfld are completely degenerate at the level of the background
cosmology. Following ref. [35] we will often reparametrize these densities in terms of

Ntot = Neff +Nfld, (2.2)

ffs = Neff/Ntot, (2.3)

so Ntot is the total number of effective relativistic species, and ffs is the fraction of those
that are free-streaming. This parametrization reduces the degeneracy between Neff and Nfld,
enabling a more efficient Monte Carlo exploration of the parameter space. As discussed in
the introduction, the degeneracy is also broken by the different evolution of the perturbations
in the two fluids due to the presence or absence of self-interactions. Below we discuss how
such interactions can naturally arise in particle physics models.

2.1 Non-abelian dark radiation

A simple candidate for dark radiation are gauge bosons of a new non-Abelian group with a
very small gauge coupling [47–50]. The smallness of the gauge coupling implies an exponen-
tially small confinement scale, and therefore the relevant degrees of freedom for cosmology
are the gauge bosons (dark gluons), which are effectively massless. The gauge structure im-
poses a minimum amount of self-interactions controlled by the gauge coupling gd. Even a
tiny gauge coupling is sufficient to make this a perfect fluid, given that the interaction rate
is approximately

Γd ∼ α2
dTd, (2.4)

where αd = g2d/(4π) and Td is the temperature of the dark fluid, which we take to be
comparable to the SM temperature. If we require that this interaction is in equilibrium
before the photon temperature reaches a keV (and so well before the modes probed by the
CMB enter the horizon) we find that

αd & 10−12 . (2.5)

This shows that even very small gauge couplings lead to sufficiently large self-interactions to
ensure that the dark gluons locally thermalize and thus behave as an ideal fluid.

1See also [26–29, 43] for other examples of models with an interacting radiation component.
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The contribution of dark gluons to Nfld depends on the temperature of the fluid Td, and
their number Nd, which is equal to the number of generators of the non-Abelian group (for
example, for a dark SU(N), Nd = N2−1). The temperature of the dark sector depends on how
it interacts with the Standard Model and on details of cosmology at very high temperatures.
If it was ever in thermal contact with the SM (and ignoring a possible late reheating of the
SM), but decoupled at a temperature Tf , the dark sector temperature follows from entropy
conservation

Td
Tγ

=

[

g∗S(Tγ)

g∗S(Tf )

]1/3

, (2.6)

where g∗S is the effective number of (entropy) relativistic species including the neutrino
contribution. Using eq. (2.1) this leads to

Nfld =
8

7

(

11

4

)4/3(Td
Tγ

)4

Nd . (2.7)

Note that thermal equilibrium at early times implies a minimum dark sector temperature

Td
Tγ

& 0.33 ⇒ Nfld & 0.054Nd , (2.8)

where we evaluated eq. (2.6) at Tf � 100 GeV and Tγ ∼ 1 eV. This shows that even the
simplest SU(2) non-Abelian dark sector (Nd = 3) implies Nfld & 0.16 (in the absence of
non-SM entropy injections at temperatures below the weak scale).

In the above model of a decoupled DS, Neff = 3.046 and Nfld can take on any positive
value. Next, we consider a model where instead Ntot = 3.046 is fixed, but ffs is allowed
to vary.

2.2 Late equilibration of a dark sector

A dark sector could come into equilibrium with the Standard Model neutrinos after Big
Bang Nucleosynthesis (BBN) as considered in [4, 51, 52]. This possibility has a number of
interesting features. In particular it predicts no deviations in Ntot during BBN, and, as we
will discuss, can decrease the neutrino contribution to Ntot at CMB, effectively replacing it
with new BSM particles. We will refer to this scenario as “late equilibration”.

A simple model that realizes this scenario involves adding a new massive scalar φ that
directly couples to neutrinos ν via

L ⊃ 1

2
λνφνν + h.c., (2.9)

where λν is a dimensionless coupling constant (neutrino flavor indices are suppressed). Such
interactions are characteristic of Majoron models where φ is part of the sector that generates
neutrino masses [53]. The scalar will come into equilibrium with the neutrinos through
inverse decays νν ↔ φ at a temperature [4, 53, 54]

T eq
φ ∼

(

λ2νm
2
φMPl

8π

)1/3

, (2.10)

where we have assumed Tφ > mφ (inverse decay also requires mφ > 2mν , where mν is the
mass of the neutrino(s) interacting with φ). Equilibration conserves energy, so as long as
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mφ < Tφ < MeV (i.e. equilibration occurs after neutrino-photon decoupling) and the initial
DS temperature is lower than that of the SM, the total amount of energy in relativistic species
remains approximately constant, i.e. Neff +Nfld ≈ 3, and the successful prediction standard
BBN remain [54]. The forward and inverse φ decays that enforce chemical equilibrium can
also tightly couple the φ and neutrino fluids, preventing free-streaming. The kinematics of the
1 ↔ 2 processes suppress the requisite momentum isotropization rate by an additional factor
of (mφ/T )

2 compared to the decay/production rate discussed above [51, 55]. As a result, the
temperature at which neutrino stops free-streaming, T nfs

φ , is parametrically smaller than the
equilibration temperature:

T nfs
φ ∼

[

(

T eq
φ

)3

m2
φ

]1/5

. (2.11)

If this kinetic equilibrium persists through recombination (i.e. mφ . 0.1 eV), this minimal
scenario predicts

Ntot = Neff +Nfld ≈ 3 , (2.12)

and the fraction of free-streaming radiation ffs

ffs = Neff/Ntot ≤ 1 (2.13)

depends on how many neutrino flavors φ interacts with (i.e. the flavor structure of eq. (2.9)).
The limits ffs → 0 and ffs → 1 correspond to φ interacting with all or none of the neutrino
flavors, respectively.2 The ffs → 0 scenario has been extensively studied under different
assumptions about the temperature scaling of the reaction rate responsible for the φ-ν in-
teractions [27, 43, 56–61]. The Nfld model simply corresponds to the limit in which the
φ-ν (or the ν-ν scattering implied by eq. (2.9)) interactions are faster than Hubble for all
scales probed by the observed CMB. Interestingly, couplings λφ and masses mφ implied by
late equilibration are small enough to (mostly) avoid stringent cosmological and laboratory
bounds that constrain new neutrino interactions [62].

The scalar φ can also be a portal to a richer DS if φ couples to additional states
more strongly than to neutrinos. Then φ-ν equilibration also brings those extra states into
equilibrium, sharing the total energy density between the neutrinos and the DS proportionally
to the number of degrees of freedom in each sector. If the number of DS states is much
larger than 3, most of the energy will be in these new particles rather than neutrinos. This
is a realization of the “neutrinoless universe” [63], where the non-photon energy density
is almost entirely in non-free-streaming species, i.e. Ntot ≈ Nfld and ffs ≈ 0. If some of
DS states are massive and at some point become non-relativistic, their entropy is shared
among the remaining states, increasing their temperature relative to photons and thereby
increasing Ntot.

A concrete realization of the above ideas can be constructed by assuming that φ couples
to N light Weyl fermions ψi:

L ⊃ 1

2
φ

3
∑

i=1

λνiνiνi +
1

2
λψφ

N
∑

i=1

ψiψi + h.c. , (2.14)

where we took the φ coupling to dark radiation to be the same for all species, but allowed
for mass eigenstate-dependence of λν . Assuming λψ � λν , as soon as φ enters thermal and

2If the ffs → 0 regime is obtained via decays and inverse decays νν ↔ φ, then we must demand mφ &

2mν3 > 0.1 eV, so the treatment of φ as an additional radiation species may break down near recombination.
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chemical equilibrium with neutrinos through inverse decay νν ↔ φ, the dark radiation will
also enter equilibrium with the neutrinos via decays of φ ↔ ψψ. After equilibration, the
temperature of the combined ν+DS bath is determined from energy conservation [53, 54]:

Tν+ds

Tγ
=

(

4

11

)1/3( Nν

Nν +N ′

)1/4

, (2.15)

where Nν is the number of neutrino mass eigenstates that interact with φ (corresponding to
the number of non-negligible couplings λνi) and N ′ = N + (4/7) counts the contributions
of ψi and φ; we also assumed that before equilibration the DS temperature is Tds/Tγ . 0.5.
In the limit N ′ → 0 we recover the standard result for neutrino temperature well after e±

annihilation. If N ′ � Nν , however, we see that ρν/(ρφ + ρψ) = Nν/N
′ and the interacting

neutrinos contribute negligibly compared to the DS states. One can check using the definition
of eq. (2.1) that the temperature in eq. (2.15) guarantees that Ntot ≈ 3. This continues to
hold as long as all particles in equilibrium are relativistic. If a number Nh of “heavy” ψ
states become non-relativistic and decay or annihilate into the other lighter states, entropy
conservation leads to an increase of Tν+ds/Tγ and a corresponding increase in Ntot [53, 54]:

Ntot ≈ 3−Nν +Nν

(

Nν +N ′

Nν +N ′ −Nh

)1/3

. (2.16)

Thus, multiple “freeze-out” events can further increase the total radiation density compared
to photons. Depending on N , couplings and masses of the DS states, this scenario can realize
a wide range of Neff and Nfld, or just the subspace with Ntot ≈ 3. Note that in this scenario,
even if mφ > keV, and therefore φ is not directly relevant for the physics of the CMB,
the dark radiation can still be sufficiently self-interacting through off-shell φ exchanges to
be treated as a perfect fluid during the time relevant for CMB measurements (because λψ
can be much larger than λν), while the neutrinos would be free-streaming (because the ν-ν
scattering rate through off-shell φ would be too small). The alternative possibility of dark
sector self-interactions falling out of equilibrium during times relevant for the CMB has been
considered in ref. [64].

3 Impact of interacting radiation

We work with the perturbed Friedmann-Robertson-Walker spacetime [65, 66]

ds2 = a2(η)
[

−(1 + 2A)dη2 + (δij + 2hij)dx
idxj

]

(3.1)

where η is the conformal time, and A = Ψ and hij = −Φ in conformal Newtonian gauge (A =

0 and hij = hk̂ik̂j/2 + 3ηL(k̂ik̂j − δij/3) in synchronous gauge) are the metric perturbations
in Fourier space. We follow the notation of ref. [30] below, which closely resembles that of
the Boltzmann solver CLASS [40].3

3.1 Boltzmann equations

The evolution equations for the interacting radiation fluid follow from conservation of the
energy-momentum tensor [65]. The background equation is

ρ′ + 4

(

a′

a

)

ρ = 0, (3.2)

3We used ηL for the synchronous gauge metric perturbation instead of η used in refs. [65, 66] to distinguish
it from the conformal time.
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where primes denote derivatives with respect to the conformal time η; the solution is ρ(η) =
ρia(η)

−4, the same as for a free-streaming species. We define ρi in terms of Ωfld = ρi/ρcrit,
the fluid density today normalized to the critical density, which, in turn, is defined by Nfld:

Ωfld =
7

8
Nfld

(

4

11

)4/3

Ωγ . (3.3)

The perturbation equations in conformal time are

δ′ = −4

3
(θ +mcont) (3.4)

θ′ =
1

4
k2δ +mEuler (3.5)

where δ and θ are the density and velocity perturbations (see, e.g., ref. [65]) and m are
gauge-dependent quantities appearing in continuity and Euler equations; their values in the
Newtonian and synchronous gauges are

Newtonian Synchronous

mcont −3Φ′ h′/2

mEuler k2Ψ 0

Combining eqs. (3.4) and (3.5) gives

δ′′ +
1

3
k2δ = −4

3
(mEuler +m′

cont), (3.6)

which makes it clear that disturbances in this fluid propagate with the sound speed 1/
√
3

(the equivalent expression for free-streaming species depends on shear and higher moments
of the phase space distribution preventing the same interpretation of the k2δ/3 term).

The presence of non-free-streaming radiation also changes the initial conditions for the
adiabatic perturbations. In particular in conformal Newtonian gauge the initial condition for
the gravitational potential is [11, 65]

Ψ(ηi) = − 2ζ

3(1 + 4Rν/15)
, (3.7)

where ζ is the comoving curvature perturbation fixed by inflation, Rν = ρfs/ρtot is the ratio
of energy density in free-streaming species to the total energy density. From that we see that
introducing an interacting radiation component lowers Rν , and thus increases the amplitude
of the potential (for fixed ζ).

3.2 Impact on the CMB power spectrum

The impact of free-streaming and interacting radiation has been extensively studied [11–
13, 67]. Here we summarize the main physical quantities highlighted in these works which
will help us to interpret the results of the following sections.

At the background level, free-streaming and interacting radiation contribute to the
expansion rate of the universe, affecting the physical distances that shape the power spectrum.
In particular, key roles are played by the sound horizon rs, the photon diffusion scale rd and
the angular diameter distance to last scattering DA.

– 7 –
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The comoving sound horizon rs is

rs =

∫ td

0

dt

a(t)
cs(a) =

∫ ad

0

da
cs(a)

a2H(a)
, (3.8)

where cs is the baryon-photon sound speed and td (ad) time (scale factor) at which the
baryons decouple from the radiation.4 This is an early-time quantity that depends on the
contents of the universe prior to recombination through the Hubble expansion rate H(a).
The sound horizon determines the spacing of the peaks in the CMB power spectrum as we
discuss below.

Temperature fluctuations in the baryon-photon plasma are exponentially damped at
small scales due to photon diffusion induced by their non-zero mean free path. The charac-
teristic comoving damping scale rd is given by [68–70]

r2d = π2
∫ ad

0

da

a3xeneHσT

[

R2 + 16(1 +R)/15

6(1 +R)2

]

, (3.9)

where xe(a) is the free electron fraction, σT the Thomson scattering cross-section and R =
3ρb/(4ργ). Modes that are physically smaller than this scale have exponentially suppressed
power. This equation highlights two important points. First, the response of rd to additional
contributions to the energy density during the radiation era (entering through H) is weaker
compared to rs (due to the square root in the definition of rd) [12, 23, 24]; this ensures that
rs/rd changes if the early-time energy content is modified. Second, eq. (3.9) makes explicit
a degeneracy between additional radiation and xe. In particular, close to recombination
xe ∝ (1 − Yp), so the effects of larger energy densities on the damping scale can be partly
compensated by varying Yp [12]. In the standard cosmology Yp is not a free parameter, since
it is completely determined by the baryon and neutrino densities through standard Big Bang
Nucleosynthesis.

Neither the sound horizon, nor the photon diffusion scale are directly observable. In-
stead, observations constrain the projection of these length scales onto the sky which addi-
tionally depends on the (comoving) angular diameter distance to the surface of last scatter-
ing, DA:

DA =

∫ 1

ad

da

a2H(a)
. (3.10)

The angular diameter distance is a late-time quantity, i.e., a function of the energy content
after recombination. However, the power spectrum is sensitive to the scale of matter-radiation
equality through the radiation driving effect, which amplifies the modes that enter the horizon
during radiation domination [71]. This results in a large positive correlation between the
matter density ωm and the amount additional radiation, as the data requires the redshift of
matter-radiation equality to be approximately fixed [12]. Since DA depends sensitively on
ωm, additional radiation modifies this distance scale indirectly.

The projected quantities imprinted onto the CMB power spectrum are rs/DA and
rd/DA. As we describe below, rs/DA determines the angular scale of the peaks in the
CMB power spectrum, which are measured with exquisite precision. This tight constraint
ensures that a decrease of rs due to additional radiation must be compensated by a decrease

4We will not distinguish between the end of the drag epoch and last scattering, which lead to sound horizons
that are slightly different. Importantly, their dependence on model parameters is identical. See ref. [24] for a
recent discussion.
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in DA which is achieved by increasing H0. This is why additional radiation tends to amelio-
rate the Hubble tension. However, since this extra energy density necessarily modifies rs/rd
as described above, the CMB constraint on the angular diffusion scale rd/DA prevents large
departures from Ntot ≈ 3. Note that the effects described so far stem from variations of the
background cosmology which do not distinguish free-streaming from interacting radiation.

The difference between free-streaming and interacting radiation arises at first order
in perturbation theory. As discussed in refs. [11, 13], the supersonic propagation of free-
streaming radiation induces a phase shift into the CMB power spectrum. The peak positions
are shifted by (in the flat sky approximation)

`p ≈ n(π − δϕ)
DA

rs
, (3.11)

where for modes with krs � 1 the phase shift δϕ is [11, 13]

δϕ ≈ 0.191π

(

ρfs
ρrad

)

, (3.12)

where ρfs is the energy density of free-streaming species. Even if the free-streaming energy
density is fixed, additional contributions to non-free-streaming components will lower this
phase shift.

Another effect from interacting radiation is to reduce the impact of the free-streaming
component on the radiation driving envelope of the CMB. Modes that enter the horizon
during radiation domination get a boost in their amplitude due to the rapidly decaying
gravitational potential, leading to an increase in the oscillation amplitude proportional to
the gravitational potential at horizon crossing [68, 72]. Free-streaming components reduce
the size of the gravitational potential with respect to the primordial curvature perturbations
(as seen from eq. (3.7)). Introducing an interacting component reduces ffs, enhancing power
at small scales (compared to an Neff model with the same Ntot). This effect can partly
compensate for the increased effect of diffusion damping, and therefore we expect slightly
weaker CMB constraints on Nfld models compared to the ones with extra Neff .

In the following section we discuss how the correlations implied by the above discussion
are realized in the Monte Carlo results, and their implications for the cosmological tensions.

4 Cosmological constraints

In this section we study the cosmological constraints on three different extensions of ΛCDM:

• (Ntot = 3.046, ffs): we fix Ntot to the expected ΛCDM value 3.046 and allow ffs to
vary with flat prior in the range 0 ≤ ffs ≤ 1.

• (Neff = 3.046, Nfld): we fix Neff to the expected ΛCDM value 3.046 and allow Nfld to
vary with flat prior in the range 0 ≤ Nfld ≤ 2.

• (Neff , Nfld): we allow Ntot = Neff +Nfld and ffs = Neff/Ntot to vary independently with
flat priors in the range 2 ≤ Ntot ≤ 4.5 and 0 ≤ ffs ≤ 1.

At the end of this section we will also explore the known degeneracy between Yp, the pri-
mordial 4He fraction, and extra radiation [12], by allowing Yp to vary independently of its
standard primordial nucleosynthesis prediction. We will present results that do not include
any prior on Yp and evaluate the impact of imposing a prior from direct measurements.
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In order to obtain constraints on the parameters of these models we included the equa-
tions. (3.4), (3.5) for an interacting radiation species in the Boltzmann code CLASS [40]
interfaced with MontePython 3.25 [73] using combinations of the following likelihoods:

• Planck TT: full Planck 2018 TT likelihood, low-` polarization likelihood (lowE) and
lensing likelihood as described in ref. [42].

• Planck TT, TE, EE: full Planck 2018 TT, TE and EE likelihoods and lensing likelihood
as described in ref. [42].

• BAO: BOSS DR12 BAO results [74] (both the BAO and full-shape results); small z
BAO measurements from the 6dF [75] and BOSS MGS [76] catalogs.

• H0: local H0 measurement (with a simple Gaussian likelihood parametrized by H0 =
74.03± 1.42 km/s/Mpc) from ref. [16].

In addition to the new parameters associated with each model, we use flat priors for the
ΛCDM parameters (θs, ωb, ωc, ln 10

10As, ns, τ), where ωi = Ωih
2. These parameters are de-

scribed in, e.g., ref. [1]. Here we use ΛCDM to refer to the standard cosmological model with
massless neutrinos to facilitate comparisons against models with arbitrary radiation content;
non-zero neutrino masses tend to worsen the tension of CMB data with the local measure-
ment of H0 [1], and would make the preference for additional radiation even more dramatic.
The results are obtained by running 8 chains for each model until the Gelman-Rubin con-
vergence criterion R − 1 � 0.05 is satisfied for all of the parameters [77, 78]. We compare
the goodness-of-fit of various models via χ2 evaluated at the maximum of the posterior dis-
tribution, which is found numerically using multiple restarts of scipy [79] Nelder-Mead and
iminuit [80, 81] minimization. We present our main findings in the next subsections; addi-
tional results including different data sets and the full 2d posterior distributions are collected
in appendices A and B.

4.1 Testing the free-streaming hypothesis for neutrinos

We first present results for the model with Ntot = 3.046 with different combinations of
likelihoods in table 1, where in addition to the parameters scanned by MontePython we also
show the derived parameters (H0, r

drag
s , σ8), where r

drag
s is the sound horizon at the end of

the baryon drag epoch. We see that even using only the TT likelihood there are already
stringent constraints on the fraction of radiation that is not free-streaming: ffs > 0.74 (at
95.4% confidence). When we include full polarization information and the BAO likelihood
we find ffs > 0.80 (at 95.4% confidence), which shows that not even one of the neutrino
flavors can have significant interactions during recombination. This is in agreement with a
previous analysis of 2015 data by the Planck collaboration which used a generalized fluid
description to capture these different possibilities [82]. The posterior distribution for ffs is
shown in figure 1, where we compare the effect of using only the TT likelihood with using

5We found that the initial implementation of the 2018 Planck likelihoods did not include a Gaussian prior
on a linear combination of parameters accounting for background from the kinetic and thermal Sunayev-
Zeldovich effects [42]. These backgrounds contribute to the high-` part of the CMB power spectrum and are
therefore somewhat degenerate with the impact of extra radiation on the damping tail. Including this prior
had a mild (. 0.5σ) effect on parameter means, but a more significant effect on the best-fit values of χ2 as
the nuisance parameters were driven to their boundaries without this prior. The Gaussian prior is included
in our work and has been implemented in MontePython 3.3.
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ΛCDM Neff Neff = 3.046, Nfld Ntot, ffs

100θs 1.0419+0.0003
−0.0003 1.0422+0.00054

−0.00057 1.042+0.00032
−0.00032 1.0429+0.00062

−0.0007

100Ωbh
2 2.237+0.015

−0.015 2.223+0.024
−0.021 2.254+0.017

−0.021 2.236+0.024
−0.025

Ωch
2 0.1199+0.0011

−0.0013 0.1176+0.0031
−0.003 0.1221+0.0016

−0.0025 0.1187+0.003
−0.0032

ln 1010As 3.043+0.014
−0.015 3.036+0.017

−0.018 3.044+0.014
−0.015 3.026+0.019

−0.019

ns 0.9649+0.0046
−0.0038 0.9585+0.0091

−0.0089 0.9673+0.0042
−0.0048 0.9563+0.0084

−0.0083

τ 0.054+0.0068
−0.0076 0.0534+0.0071

−0.0079 0.0557+0.0073
−0.0081 0.0546+0.0069

−0.0082

Ntot 3.046 2.89+0.21
−0.2 3.197+0.037

−0.151 2.96+0.2
−0.21

ffs 1 1 > 0.89 > 0.81

H0 [km/s/Mpc] 67.93+0.54
−0.55 66.8+1.6

−1.5 69.14+0.77
−1.26 67.7+1.4

−1.7

rdrag
s

[Mpc] 147.14+0.27
−0.26 148.8+1.9

−2.1 145.6+1.5
−0.6 147.9+2.0

−2.0

σ8 0.8232+0.0057
−0.0059 0.816+0.01

−0.011 0.8264+0.0066
−0.0069 0.814+0.01

−0.011

χ2
tot 2774.75 2772.88 2774.75 2772.79

Table 2. Comparison of extensions of ΛCDM with extra radiation degrees of freedom for the Planck
TT, TE, EE likelihood. We present the marginalized mean ±1σ error for all the parameters, with
the exception of ffs for which we show the 95% lower limit. The χ2

tot values correspond to best-fit
point found using numerical minimization.

4.2 Models with varying Ntot

The results for models with varying Ntot are presented in tables 2 (Planck TT, TE, EE), 3
(Planck TT, TE, EE + BAO) and 4 (Planck TT, TE, EE + BAO + H0), with ΛCDM
and an Neff model included for completeness (see appendix A for results using only the TT
likelihood). We highlight some of the interesting features below.

• CMB data requires the presence of free streaming species with at least ffs > 0.8− 0.9
depending on the model and data set

• CMB and BAO data do not show preference for additional interacting or free-
streaming species

• When combined with the local measurement of H0, a strong preference for additional
radiation emerges

• This improvement comes at the price of a worse fit to the high-` multipoles in part due
to the larger effect of diffusion damping

• Non-free-streaming allows for a slightly larger radiation component resulting in a mild
improvement in fitting H0 compared to models with only free-streaming radiation.

We elaborate on these observations below.

Extra radiation and H0. An increase in the total amount of radiation, interacting or
free-streaming, leads to an increase in H0. This is easily understood from the fact that
the extra radiation decreases the size of the sound horizon, as discussed in section 3, which
requires a decrease in the angular distance DA in order to keep the position of the peaks
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ΛCDM Neff Neff = 3.046, Nfld Ntot, ffs

100θs 1.0419+0.00027
−0.00031 1.0422+0.00053

−0.0005 1.042+0.0003
−0.0003 1.0429+0.00063

−0.00075

100Ωbh
2 2.239+0.014

−0.013 2.232+0.017
−0.02 2.252+0.015

−0.017 2.24+0.019
−0.021

Ωch
2 0.11964+0.0009

−0.00092 0.118+0.0027
−0.0031 0.122+0.0014

−0.0026 0.1191+0.0031
−0.0032

ln 1010As 3.044+0.012
−0.016 3.039+0.016

−0.015 3.043+0.013
−0.014 3.027+0.018

−0.018

ns 0.9655+0.0037
−0.0038 0.9621+0.007

−0.0072 0.9671+0.0039
−0.0042 0.9573+0.0081

−0.0077

τ 0.0545+0.0065
−0.0076 0.0543+0.0068

−0.0075 0.0553+0.0068
−0.0072 0.0549+0.0068

−0.0077

Ntot 3.046 2.94+0.16
−0.19 3.192+0.032

−0.146 2.99+0.18
−0.19

ffs 1 1 > 0.89 > 0.80

H0 [km/s/Mpc] 68.05+0.44
−0.41 67.4+1.1

−1.2 69.09+0.62
−1.08 67.9+1.2

−1.3

rdrag
s

[Mpc] 147.18+0.23
−0.21 148.3+1.8

−1.7 145.7+1.5
−0.6 147.6+1.9

−1.9

σ8 0.8227+0.0057
−0.0062 0.8178+0.0094

−0.0102 0.8261+0.0063
−0.0066 0.815+0.01

−0.01

χ2
tot 2781.06 2780.95 2781.04 2780.95

Table 3. Comparison of extensions of ΛCDM with extra radiation degrees of freedom for Planck TT,
TE, EE + BAO likelihood. We present the marginalized mean ±1σ error for all the parameters, with
the exception of ffs for which we show the 95% lower limit. The χ2

tot values correspond to best-fit
point found using numerical minimization.

ΛCDM Neff Neff = 3.046, Nfld Ntot, ffs

100θs 1.042+0.00029
−0.00028 1.0414+0.00043

−0.00049 1.0423+0.0003
−0.00032 1.0427+0.00074

−0.00088

100Ωbh
2 2.249+0.013

−0.015 2.265+0.017
−0.016 2.275+0.016

−0.018 2.275+0.018
−0.017

Ωch
2 0.11861+0.00093

−0.00092 0.1229+0.0026
−0.0026 0.1248+0.0026

−0.0029 0.1244+0.0029
−0.0029

ln 1010As 3.049+0.014
−0.015 3.058+0.015

−0.016 3.043+0.014
−0.016 3.036+0.021

−0.019

ns 0.9681+0.0035
−0.004 0.9761+0.0061

−0.0057 0.9704+0.004
−0.0038 0.9669+0.0082

−0.0075

τ 0.0576+0.007
−0.0078 0.0575+0.007

−0.0076 0.0574+0.0066
−0.0082 0.0575+0.007

−0.0074

Ntot 3.046 3.3+0.15
−0.15 3.38+0.13

−0.15 3.35+0.16
−0.15

ffs 1 1 0.901+0.039
−0.036 0.87+0.08

−0.06

H0 [km/s/Mpc] 68.55+0.46
−0.41 70.0+0.93

−0.9 70.64+0.93
−1.0 70.5+1.0

−1.0

rdrag
s

[Mpc] 147.34+0.22
−0.23 144.8+1.4

−1.5 143.9+1.5
−1.3 144.1+1.5

−1.6

σ8 0.8216+0.0061
−0.0062 0.8335+0.0089

−0.0093 0.8299+0.0068
−0.0078 0.826+0.011

−0.01

χ2
tot 2797.46 2795.16 2793.65 2793.44

Table 4. Comparison of extensions of ΛCDM with extra radiation degrees of freedom for the Planck
TT, TE, EE + BAO + H0 likelihood. We present the marginalized mean ±1σ error for all the
parameters. The χ2

tot values correspond to best-fit point found using numerical minimization.

fixed. This decrease in DA is largely driven by an increase in H0. The correlation between
Ntot and H0 can be readily seen in figure 2 for all models where the radiation density is
allowed to vary.
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before modes relevant for the CMB enter the horizon; this occurs if
√

λνmφ & 6× 10−6 eV, (4.2)

where we used eq. (2.11), taking T nfs
φ & 20(4/11)1/3 eV (roughly corresponding to the time

when modes with k ∼ 0.2/Mpc enter the horizon). The equilibrium must persist until well
after matter-radiation equality, requiring mφ � eV.6 These conditions ensure that Ntot ≈ 3
and that the φ−ν bath behaves as a relativistic fluid throughout the CMB era. This scenario
then directly maps onto the (Ntot = 3.046, ffs) scan, with the naive expectation that at least
one neutrino species is not free-streaming. In figure 1 and table 1 we found that the free-
streaming fraction has to be larger than 0.8 at 95% C.L. for the CMB+BAO dataset, robustly
excluding this part of the late equilibration parameter space.

The second possibility highlighted in section 2.2 was that φ is a portal to a larger dark
sector (with a total number N ′ degrees of freedom), so late equilibration also populates these
additional states. If some number Nh of these particles are “heavy”, i.e. they become non-
relativistic before the CMB era, they will heat the remaining interacting particles compared
to the SM, which increases Ntot. There are two interesting limits of this scenario. First,
we assume that the remaining DS states stay in equilibrium with neutrinos throughout the
CMB era. Then, the only contributions to the free-streaming fraction ffs come from those
neutrino mass eigenstates that do not interact with the DS:

ffs ≈
3−Nν

Ntot

, (4.3)

where Nν is the number of interacting neutrinos and Ntot is given by eq. (2.16). This scenario
is generalization of the one described in the previous paragraph, which allows for Ntot > 3.
The prediction this model is shown in figure 10 for Nν = 1, varying N ′ and different choices
of Nh. Note that since the numerator of eq. (4.3) only depends on Nν , all choices of Nh

collapse onto the same contour. It is also clear from this equation that we expect ffs < 2/3
for this scenario, which is robustly excluded by cosmological data.

The second interesting limit corresponds to the case where the Nh heavy states include
the mediator φ. When these particles become non-relativistic, they heat both the interacting
neutrino and the light DS states; however, after this point the neutrinos and the DS are
decoupled. In this case, all neutrino eigenstates contribute to ffs, but Nν of them have a
distinct temperature; we find that

ffs ≈
1

Ntot

[

3−Nν +Nν

(

Nν

Nν +N ′

)(

Nν +N ′

Nν +N ′ −Nh

)4/3
]

, (4.4)

where Ntot is given in eq. (2.16). The predictions for this scenario are shown by blue dashed
lines in figure 10 for Nν = 1. In contrast to the previous case, the temperature of the now-
decoupled Nν eigenstates depends on Nh, which ensures that different choices of this quantity
give different predictions in the Ntot − ffs plane. In all cases, however, for N ′ � Nν , Nh the
contribution of the Nν neutrinos to ffs is diluted as the energy is shared amongst many DS
states, and ffs approaches 2/3 (i.e. only the non-interacting 3 − Nν neutrinos contribute to

6If mφ � eV, the mediator goes non-relativistic and heats the neutrinos relative to photons, increasing
Neff without changing neutrino free-streaming during the CMB epoch. Bounds on ∆Neff can be applied in
this regime. If the non-relativistic transition occurs during the CMB era, a different analysis is required since
the equation of state of the φ− ν fluid and phase-space distributions have non-trivial evolution.

– 20 –





J
C
A
P
0
9
(
2
0
2
0
)
0
2
9

model with only extra interacting components and the model in which both free-streaming
and non-free-streaming components are allowed to vary improve the total χ2 compared to the
Neff case. However, if one takes into consideration the number of extra degrees of freedom
in each model, (Neff = 3.046, Nfld) is the one most favored by data.

Interacting radiation models also lead to slightly lower values for ns when compared
to free-streaming radiation models with the same total amount of radiation. This leads to
smaller values for σ8 which results in less tension between solutions to the H0 tension and
matter power spectrum measurements.

We also showed that the cosmological data is able to distinguish and constrain interest-
ing particle physics models of interacting dark radiation, including non-Abelian dark sectors
and late equilibration of neutrino-coupled particles. In these models we focused on the pa-
rameter space where self-interactions within the fluid component are always in equilibrium.
In many interesting scenarios these reactions fall out of or enter equilibrium — see, e.g.,
refs. [26, 27]. If this occurs during the CMB era, it can leave a characteristic imprint on the
power spectrum, possibly allowing further improvements to the fit of all cosmological data.
These decoupling (or re-coupling) effects have been studied within the context of specific
models relating to neutrino self-interactions. It would be interesting to investigate the im-
pact of the final Planck data release on these and more general frameworks such as that of
ref. [64].
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A Planck TT results

The constraints using only the Planck TT likelihood for the models with varying Ntot are
given in table 7.

ΛCDM Neff Neff = 3.046, Nfld Ntot, ffs

100θs 1.0418+0.00044
−0.00043 1.042+0.00068

−0.00068 1.042+0.00045
−0.00045 1.0429+0.00085

−0.00118

100Ωbh
2 2.214+0.022

−0.021 2.209+0.031
−0.032 2.232+0.024

−0.028 2.219+0.033
−0.031

Ωch
2 0.12+0.0016

−0.0016 0.1188+0.0038
−0.0043 0.1223+0.0019

−0.0028 0.1196+0.0039
−0.0039

ln 1010As 3.039+0.014
−0.015 3.035+0.022

−0.02 3.038+0.015
−0.015 3.019+0.027

−0.022

ns 0.9636+0.0049
−0.005 0.96+0.012

−0.013 0.9659+0.0054
−0.0049 0.953+0.014

−0.014

τ 0.0522+0.0077
−0.0076 0.0518+0.0083

−0.008 0.0532+0.0081
−0.0084 0.0521+0.0079

−0.0083

Ntot 3.046 2.96+0.27
−0.3 3.197+0.039

−0.151 2.96+0.28
−0.27

ffs 1 1 > 0.88 > 0.72

H0 [km/s/Mpc] 67.69+0.73
−0.77 67.1+2.1

−2.3 68.87+0.87
−1.5 67.2+2.1

−2.2

rdrag
s

[Mpc] 147.37+0.41
−0.35 148.2+2.6

−2.8 145.8+1.7
−0.7 147.9+2.4

−2.7

σ8 0.8222+0.0064
−0.0063 0.819+0.013

−0.013 0.8252+0.0073
−0.0072 0.813+0.013

−0.013

χ2
tot 1189.2 1188.93 1189.11 1188.41

Table 7. Comparison of extensions of ΛCDM with extra radiation degrees of freedom for the Planck
TT likelihood. We present the marginalized mean ±1σ error for all the parameters, with the exception
of ffs for which we show the 95% lower limit. The χ2

tot values correspond to best-fit point found using
numerical minimization.

– 23 –







J
C
A
P
0
9
(
2
0
2
0
)
0
2
9

References

[1] Planck collaboration, Planck 2018 results. VI. Cosmological parameters, arXiv:1807.06209
[INSPIRE].

[2] K. Abazajian, G.M. Fuller and M. Patel, Sterile neutrino hot, warm, and cold dark matter,
Phys. Rev. D 64 (2001) 023501 [astro-ph/0101524] [INSPIRE].

[3] H. Vogel and J. Redondo, Dark radiation constraints on minicharged particles in models with a
hidden photon, JCAP 02 (2014) 029 [arXiv:1311.2600] [INSPIRE].

[4] A. Berlin and N. Blinov, Thermal dark matter below an MeV, Phys. Rev. Lett. 120 (2018)
021801 [arXiv:1706.07046] [INSPIRE].

[5] J. Halverson and P. Langacker, TASI lectures on remnants from the string landscape,
PoS(TASI2017)019 [arXiv:1801.03503] [INSPIRE].

[6] D. Baumann, D. Green and B. Wallisch, New target for cosmic axion searches, Phys. Rev. Lett.
117 (2016) 171301 [arXiv:1604.08614] [INSPIRE].

[7] S. Weinberg, Goldstone bosons as fractional cosmic neutrinos, Phys. Rev. Lett. 110 (2013)
241301 [arXiv:1305.1971] [INSPIRE].

[8] M. Millea, L. Knox and B. Fields, New bounds for axions and axion-like particles with
keV-GeV masses, Phys. Rev. D 92 (2015) 023010 [arXiv:1501.04097] [INSPIRE].

[9] CMB-S4 collaboration, CMB-S4 science book, first edition, arXiv:1610.02743 [INSPIRE].

[10] Simons Observatory collaboration, The Simons Observatory: science goals and forecasts,
JCAP 02 (2019) 056 [arXiv:1808.07445] [INSPIRE].

[11] S. Bashinsky and U. Seljak, Neutrino perturbations in CMB anisotropy and matter clustering,
Phys. Rev. D 69 (2004) 083002 [astro-ph/0310198] [INSPIRE].

[12] Z. Hou, R. Keisler, L. Knox, M. Millea and C. Reichardt, How massless neutrinos affect the
Cosmic Microwave Background damping tail, Phys. Rev. D 87 (2013) 083008
[arXiv:1104.2333] [INSPIRE].

[13] D. Baumann, D. Green, J. Meyers and B. Wallisch, Phases of new physics in the CMB, JCAP
01 (2016) 007 [arXiv:1508.06342] [INSPIRE].

[14] A. Friedland, K.M. Zurek and S. Bashinsky, Constraining models of neutrino mass and
neutrino interactions with the Planck satellite, arXiv:0704.3271 [INSPIRE].

[15] B. Follin, L. Knox, M. Millea and Z. Pan, First detection of the acoustic oscillation phase shift
expected from the cosmic neutrino background, Phys. Rev. Lett. 115 (2015) 091301
[arXiv:1503.07863] [INSPIRE].

[16] A.G. Riess, S. Casertano, W. Yuan, L.M. Macri and D. Scolnic, Large Magellanic Cloud
Cepheid standards provide a 1% foundation for the determination of the Hubble constant and
stronger evidence for physics beyond ΛCDM, Astrophys. J. 876 (2019) 85 [arXiv:1903.07603]
[INSPIRE].

[17] K.C. Wong et al., H0LiCOW XIII. A 2.4% measurement of H0 from lensed quasars: 5.3σ
tension between early and late-Universe probes, arXiv:1907.04869 [INSPIRE].

[18] DES collaboration, Dark Energy Survey year 1 results: a precise H0 estimate from DES Y1,
BAO, and D/H data, Mon. Not. Roy. Astron. Soc. 480 (2018) 3879 [arXiv:1711.00403]
[INSPIRE].

[19] G.E. Addison, D.J. Watts, C.L. Bennett, M. Halpern, G. Hinshaw and J.L. Weiland,
Elucidating ΛCDM: impact of baryon acoustic oscillation measurements on the Hubble constant
discrepancy, Astrophys. J. 853 (2018) 119 [arXiv:1707.06547] [INSPIRE].

– 26 –



J
C
A
P
0
9
(
2
0
2
0
)
0
2
9
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