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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 fi > 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 Ngq < 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 Hy. 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 ACDM 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, N.g, 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].



While N.g 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 Nqg 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 Neg and Ngq, 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 Hy and the amplitude of matter fluctuations og.
The discrepancy between local [16, 17] and high-redshift inferences [1, 18-20] of the local
expansion rate has a significance of ~ 4 — 50 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 Neg [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 oy tension is milder [1, 36-39], at about ~ 20. However
models with additional energy at around MRE motivated by Hy tend to increase og 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 Ngq and Neg,
respectively. In addition to models with freely varying Neg and Ngq, we consider subsets of
this parameter space motivated by the different scenarios discussed in section 2. In particular,
we study the scenario in which Neg + Ngq = 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, Y, which allows
for much larger radiation densities if one ignores constraints from direct measurements of Y,.
We summarize our findings and conclude in section 5.



2 Models of dark radiation

In this section we present simple models of dark radiation that lead to different predictions for
the contributions to N.g and to its interacting counterpart Ngq. These models are not meant
as a complete set of possibilities, but as examples that motivate searching for a wide range of
(Nest, Naq), which parametrize the cosmic energy density in relativistic degrees of freedom (in
addition to the photon).! Explicitly, these quantities are normalized such that Neg ~ 3.046
in ACDM 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

. 4/3

Prad = Py + Pv + Pds = Py 1+§(Neff+Nﬂd) <11> :|7 (2‘1)
where p,, p, and pgs are the energy densities in photons, neutrinos and any additional dark
sector states. Thus, Neg and Ngq are completely degenerate at the level of the background
cosmology. Following ref. [35] we will often reparametrize these densities in terms of

Niot = Negt + Naq, (2.2)
ffs = Neff/Ntota

S0 Niot is the total number of effective relativistic species, and f is the fraction of those
that are free-streaming. This parametrization reduces the degeneracy between Neg and Ngq,
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 g4;. Even a
tiny gauge coupling is sufficient to make this a perfect fluid, given that the interaction rate
is approximately

Ty~ a1y, (2.4)

where oy = g3/(4w) and Ty 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

ag > 10712, (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.



The contribution of dark gluons to Ngq depends on the temperature of the fluid T};, and
their number N4, which is equal to the number of generators of the non-Abelian group (for
example, for a dark SU(N), Ny = 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 T, the dark sector temperature follows from entropy

conservation 1/
T’y Q*S(Tf)

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

8 (1IN r1\?
Nag== | — — ] Ng. 2.7
w=: (1) (2) e
Note that thermal equilibrium at early times implies a minimum dark sector temperature
Ty
T 2 0.33 = Npq 2 0.054Ny, (2.8)
5

where we evaluated eq. (2.6) at Ty > 100 GeV and T}, ~ 1 eV. This shows that even the
simplest SU(2) non-Abelian dark sector (Ng = 3) implies Ngg 2 0.16 (in the absence of
non-SM entropy injections at temperatures below the weak scale).

In the above model of a decoupled DS, Neg = 3.046 and Ngq can take on any positive
value. Next, we consider a model where instead Nio,y = 3.046 is fixed, but fg 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 N¢,t during BBN, and, as we
will discuss, can decrease the neutrino contribution to Nyo, 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 ¢ that
directly couples to neutrinos v via

1
LD 5)\,,@/1/ +h.c, (2.9)

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

A2m2 Mp, 13
T~ | e 2.10
) < ST ’ ( )

where we have assumed Ty > my (inverse decay also requires mg > 2m,,, where m,, is the
mass of the neutrino(s) interacting with ¢). Equilibration conserves energy, so as long as



mg < Ty < 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. Neg + Ngg =~ 3, and the successful prediction standard
BBN remain [54]. The forward and inverse ¢ decays that enforce chemical equilibrium can
also tightly couple the ¢ and neutrino fluids, preventing free-streaming. The kinematics of the
1 <+ 2 processes suppress the requisite momentum isotropization rate by an additional factor
of (mg/T)?* compared to the decay/production rate discussed above [51, 55]. As a result, the
temperature at which neutrino stops free-streaming, Té}fs, is parametrically smaller than the
equilibration temperature:

5 q1/5
2% [(T£q> mé] . (2.11)

If this kinetic equilibrium persists through recombination (i.e. mg < 0.1 V), this minimal
scenario predicts
Niot = Net + Npa = 3, (2.12)

and the fraction of free-streaming radiation f
ffS:Neff/Ntot <1 (213)

depends on how many neutrino flavors ¢ interacts with (i.e. the flavor structure of eq. (2.9)).
The limits fi — 0 and fiz — 1 correspond to ¢ interacting with all or none of the neutrino
flavors, respectively.? The fr — 0 scenario has been extensively studied under different
assumptions about the temperature scaling of the reaction rate responsible for the ¢-v in-
teractions [27, 43, 56-61]. The Npq model simply corresponds to the limit in which the
¢-v (or the v-v scattering implied by eq. (2.9)) interactions are faster than Hubble for all
scales probed by the observed CMB. Interestingly, couplings A4 and masses my implied by
late equilibration are small enough to (mostly) avoid stringent cosmological and laboratory
bounds that constrain new neutrino interactions [62].

The scalar ¢ can also be a portal to a richer DS if ¢ couples to additional states
more strongly than to neutrinos. Then ¢-v 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. Nyt &= Npg and fi =~ 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 Nyot-

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

3 N
1 1
LD 5(]5 i:E 1 Ay Vivi + iAw(b i:E 1 Yiv; + h.c., (2.14)

where we took the ¢ coupling to dark radiation to be the same for all species, but allowed
for mass eigenstate-dependence of \,. Assuming Ay > )., as soon as ¢ enters thermal and

2If the fs — O regime is obtained via decays and inverse decays vv <+ ¢, then we must demand mg >
2my; > 0.1 eV, so the treatment of ¢ as an additional radiation species may break down near recombination.



chemical equilibrium with neutrinos through inverse decay vv <> ¢, the dark radiation will
also enter equilibrium with the neutrinos via decays of ¢ <> 1. After equilibration, the
temperature of the combined v+DS bath is determined from energy conservation [53, 54]:

Ty-l—ds _ i 1/3 NV 14 (2 15)
T, 11 N,+N') '

where N, is the number of neutrino mass eigenstates that interact with ¢ (corresponding to
the number of non-negligible couplings \,,) and N’ = N + (4/7) counts the contributions
of 1; and ¢; we also assumed that before equilibration the DS temperature is Tgs/T5 < 0.5.
In the limit N/ — 0 we recover the standard result for neutrino temperature well after e*
annihilation. If N’ > N,, however, we see that p,/(ps + py) = N, /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 Nyt ~ 3. This continues to
hold as long as all particles in equilibrium are relativistic. If a number Np of “heavy”
states become non-relativistic and decay or annihilate into the other lighter states, entropy
conservation leads to an increase of T},q4s/T, and a corresponding increase in Nio [53, 54]:

N, + N\
N,,—i—N’—Nh) :

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 Neg and Ngq, or just the subspace with Niot &~ 3. Note that in this scenario,
even if mg > keV, and therefore ¢ is not directly relevant for the physics of the CMB,
the dark radiation can still be sufficiently self-interacting through off-shell ¢ exchanges to
be treated as a perfect fluid during the time relevant for CMB measurements (because Ay
can be much larger than \,), while the neutrinos would be free-streaming (because the v-v
scattering rate through off-shell ¢ 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].

Ntot%?)*Ny‘i’Ny < (216)

3 Impact of interacting radiation

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

ds* = a*(n) [—(1 4 24)dn® + (6;j + 2hij)dz’da’ ] (3.1)
where 7 is the conformal time, and A = ¥ and h;; = —® in conformal Newtonian gauge (A =
0 and h; = hkik;/2 + 301 (kk; — 0;;/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

/ a/

3We used 7y, for the synchronous gauge metric perturbation instead of 1 used in refs. [65, 66] to distinguish
it from the conformal time.



where primes denote derivatives with respect to the conformal time 7; the solution is p(n) =
pia(n)_4, the same as for a free-streaming species. We define p; in terms of Qqq = pi/perit,
the fluid density today normalized to the critical density, which, in turn, is defined by Nggq:

7 4 4/3

The perturbation equations in conformal time are

4

(5/ = —g(e + mcont) (34)
1

0 = ikzé + mpyjer (3.5)

where 6 and 6 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
Mecont —3<I>/ h,/2

MEuyler k 2 L4 0

Combining egs. (3.4) and (3.5) gives

5"+ 525 = 5 (M + M), (3.6)
which makes it clear that disturbances in this fluid propagate with the sound speed 1/ V3
(the equivalent expression for free-streaming species depends on shear and higher moments
of the phase space distribution preventing the same interpretation of the k26/3 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]

2¢

V) = =355 1R, 715)°

(3.7)
where ( is the comoving curvature perturbation fixed by inflation, R, = pgs/piot 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 R, and thus increases the amplitude
of the potential (for fixed ().

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 r;, the photon diffusion scale r4 and
the angular diameter distance to last scattering D 4.



The comoving sound horizon r is

Y SR AN ()
S Ao CR A ) )

where ¢4 is the baryon-photon sound speed and t; (ag) time (scale factor) at which the
baryons decouple from the radiation.* 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 r4 is given by [68-70]

) 2/% da [R2+16(1+R)/15 (3.9)
0

fa =7 adxeneHor 6(1+ R)? ’

where z.(a) is the free electron fraction, o the Thomson scattering cross-section and R =
3pp/(4py). Modes that are physically smaller than this scale have exponentially suppressed
power. This equation highlights two important points. First, the response of r4 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 r4) [12, 23, 24]; this ensures that
rs/Tq changes if the early-time energy content is modified. Second, eq. (3.9) makes explicit
a degeneracy between additional radiation and x.. In particular, close to recombination
ze x (1 —Y)), so the effects of larger energy densities on the damping scale can be partly
compensated by varying Y, [12]. In the standard cosmology Y}, 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, D4:
L da

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 wy, and the amount additional radiation, as the data requires the redshift of
matter-radiation equality to be approximately fixed [12]. Since D4 depends sensitively on
wm, additional radiation modifies this distance scale indirectly.

The projected quantities imprinted onto the CMB power spectrum are ry/D,4 and
rqa/Da. As we describe below, rs/D 4 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.



in D 4 which is achieved by increasing Hy. This is why additional radiation tends to amelio-
rate the Hubble tension. However, since this extra energy density necessarily modifies r4/ry
as described above, the CMB constraint on the angular diffusion scale r4/D 4 prevents large
departures from Nio; =~ 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)
t, ~ n(m — 5¢p) Da, (3.11)

Ts

where for modes with krs > 1 the phase shift dy is [11, 13]

5~ 0.1917 < Pls ) , (3.12)
Prad

where pg 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 fis, enhancing power
at small scales (compared to an Neg model with the same Nio). This effect can partly
compensate for the increased effect of diffusion damping, and therefore we expect slightly
weaker CMB constraints on Ngq models compared to the ones with extra Neg.

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 ACDM:

o (Niot = 3.046, fr): we fix Niot to the expected ACDM value 3.046 and allow fg to
vary with flat prior in the range 0 < fg < 1.

o (Neg = 3.046, Npq): we fix Neg to the expected ACDM value 3.046 and allow Ngq to
vary with flat prior in the range 0 < Ngq < 2.

o (Nesr, Npg): we allow Niot = Negr + Npg and fs = Negr/Niot to vary independently with
flat priors in the range 2 < Nyt < 4.5 and 0 < fis < 1.

At the end of this section we will also explore the known degeneracy between Y),, the pri-
mordial “He fraction, and extra radiation [12], by allowing Y, to vary independently of its
standard primordial nucleosynthesis prediction. We will present results that do not include
any prior on Y, and evaluate the impact of imposing a prior from direct measurements.



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 3.2° [73] using combinations of the following likelihoods:

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

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

e 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.

e Hy: local Hy measurement (with a simple Gaussian likelihood parametrized by Hy =
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
ACDM parameters (s, wp, we, In 1010 A, ng, 7), where w; = Q;h%. These parameters are de-
scribed in, e.g., ref. [1]. Here we use ACDM 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 Hy [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 x? 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 Nyt = 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 (Hy, r;‘,“ag ,08), where r?mg 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: fz > 0.74 (at
95.4% confidence). When we include full polarization information and the BAO likelihood
we find fiz > 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 fg is
shown in figure 1, where we compare the effect of using only the TT likelihood with using

SWe 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 (< 0.50) effect on parameter means, but a more significant effect on the best-fit values of x? 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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Planck TT Planck TT, TE, EE | Planck TT, TE, EE + BAO
1006 10427100005 104281000053 1042810 00072
100€,h? 22261003 2.24410 017 2.24419011
Qch? 0.1207*0:001% 0.120110:0013 0.11996 50000
In 100 A, 3.023100%% 3.02910:01% 3.03%0018
s 0.956110 0004 0.95890:005% 0.959110-002
- 0.0525 4590 | 0.0552 907 00551139072
Jis >0.74 > 0.80 > 0.80

Hy [km/s/Mpc]

0.77
67.8270 78

0.6
68.2470:5.

A7
68.27+9:47

rdeg [Mpc] 147.0440:33 147.0240:37 147.0340:31
os 0.816879-5078 0.817370:5072 0.8171750%8
Xt 1189.06 2774.07 2780.92

Table 1. Results for a model with Ny, = 3.046 with varying fg fraction of free-streaming radiation
species. We present the marginalized mean +1 ¢ error for all the parameters, with the exception of
fis for which we show the 95% lower limit. The x2Z, values correspond to best-fit point found using
numerical minimization.

Niot = 3.046, fi
1.0 4 ===+ Planck TT ,
—— Planck TT, TE, EE

0.8 1

0.6 A

0.4 A

0.2 1

0.0 m===2=="T T T

0.6 0.7 0.8 0.9 1.0

Figure 1. Marginalized posteriors of the fraction of energy in free-streaming radiation, fg, in the
model with fixed Nyot = 3.046 using only Planck data. The dashed black and solid red lines correspond
to the results using Planck TT, and TT, TE, EE data sets, respectively. The solid points denote the
95.4% CL lower limit on f for each data set taken from table 1.

the full polarization data. In each case there is no preference for fi; < 1 at greater than lo.
Such a preference emerges if one combines the CMB data with the local Hy measurement;
however, because this model does not have any additional energy density and therefore does
not address the Hy tension, the two data sets are discrepant at > 20 and the small preference
for non-zero interacting radiation component is irrelevant.
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ACDM Negt Nt = 3.046, Niq Niot, fis
1000, 1.041970 0005 | 1.042210-650057 1.04215-00052 1.042970 60052
1009, h? 2.23710:013 2.22310:023 2.25415-007 2.23615-022
Q.h? 0.1199F5-001% | 0.117619-5051 0.1221+9-50%6 0.118710-005,
In10'04, 3.04370012 | 3.0361001% 3.04475:014 3.02670079
ne 0.964915-0035 | 0.95851 95098 0.967310- 001z 0.956310 0083
T 0.054+9-0068 10,0534 +9-0071 0.0557709073 0.054679-:9969
Niot 3.046 2.89710-21 3.19715:9%7 2.9679:2,
fts 1 1 > 0.89 > 0.81
Hy [km/s/Mpc] | 67.9379:24 66.871¢ 69.14+9-77 67.7+14
rdrag [Mpc] 147.1419-27 148.8719 145.670% 147.9%290
os 0.823210-0057 | 0.81670 01, 0.826410-0008 0.8147001;
X2, 2774.75 2772.88 2774.75 2772.79

Table 2. Comparison of extensions of ACDM with extra radiation degrees of freedom for the Planck
TT, TE, EE likelihood. We present the marginalized mean +10¢ error for all the parameters, with
the exception of fg for which we show the 95% lower limit. The y2, values correspond to best-fit
point found using numerical minimization.

4.2 Models with varying Niot

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

e CMB data requires the presence of free streaming species with at least fis > 0.8 — 0.9
depending on the model and data set

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

e When combined with the local measurement of Hy, a strong preference for additional
radiation emerges

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

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

We elaborate on these observations below.

Extra radiation and Hg. An increase in the total amount of radiation, interacting or
free-streaming, leads to an increase in Hy. 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 D4 in order to keep the position of the peaks
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ACDM Negr N = 3.046, Naq Niot, fis
1000, 1.041970 60057 | 1.042270-900%3 1.042755-0503 1.042970 60052
10092,h2 2.23910-01% 2.2327 0607 2.2527001% 2.2410-019
Q.h? 0.1196415-5095, | 0.118F9-0027 0.12210-60%4 0.1191+9-00%
In101°A, 3.04475:012 3.03975:018 3.043%5:013 3.0275018
ng 0.9655T00037 | 0.962110907, 0.967170 9039 0.957310 So5%
T 0.0545+5-00%% | 0.054317:9968 0.05531 0505 0.054973-5068
Niot 3.046 2.947016 3.192109%2 2.997018
fes 1 1 > 0.89 > 0.80
Hy [km/s/Mpc] | 68.0510:44 67.4713 69.0979-52 67.97173
rdrag [Mpc] 147.1815:2 148.3718 145.710% 147.6719
os 0.822715-0057 | 0.817870:59%2 0.826179-0063 0.8157961
X2t 2781.06 2780.95 2781.04 2780.95

Table 3. Comparison of extensions of ACDM with extra radiation degrees of freedom for Planck TT,
TE, EE + BAO likelihood. We present the marginalized mean +1 o error for all the parameters, with
the exception of fg for which we show the 95% lower limit. The y2, values correspond to best-fit
point found using numerical minimization.

ACDM Negt Not = 3.046, Npq Niot, fis
1000, 1042 0000 [ Loaratgums | 104230000, | 104277 fo0rs
10092,k 2.24910-013 2.26570 016 2.27570 018 2.275001%
Q.h? 0.1186170 00095 | 0.1229710:00%0 0.124870 9028 0.124479 0959
In10'0A, 3.04970612 3.05870 512 3.04370 514 3.03670 535
ng 0.968115:003% | 0.976110-0052 0.970419-003¢ 0.9669™ 00032
T 0.057615-507. | 0.057570:957 0.057410-00%% 0.05751 0007,
Niot 3.046 3.37018 3.381013 3.351018
fre 1 1 0.90119-932 0.8719-08
Ho [km/s/Mpc] | 68.5579:4¢ 70.070:5° 70.6419:93 70.57170
rdrag [Mpc] 147.3415-22 1448713 143.9715 1441115
g 0.821615-5061 | 0.833570:9959 0.8299™0-506% 0.82615-01
Xt 2797.46 2795.16 2793.65 2793.44

Table 4. Comparison of extensions of ACDM with extra radiation degrees of freedom for the Planck
TT, TE, EE + BAO + Hj likelihood. We present the marginalized mean +10¢ error for all the
parameters. The x2, values correspond to best-fit point found using numerical minimization.

fixed. This decrease in D, is largely driven by an increase in Hy. The correlation between
Niot and Hy can be readily seen in figure 2 for all models where the radiation density is
allowed to vary.
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Figure 2. Marginalized posterior of the total radiation degrees of freedom N and the present value
of the Hubble rate, Hy, in different models. In the left panel we combine Planck and BAO data, while
in the right we add the distance ladder measurement of Hy [16]. In both panels the gray horizontal
band represents this measurement and the black dot is the ACDM value with 20 uncertainties. The
darker inner (lighter outer) regions correspond to 68% (95%) confidence regions.

Interacting versus free-streaming radiation. The effect of the phase shift associated
with free-streaming species can be directly seen in figure 3. From it one can easily see that
in the Neg model an increase in the radiation density is anti-correlated with the angular
size of the sound horizon. This is expected from the fact that the supersonic propagation
of free-streaming radiation shifts the acoustic peaks of the CMB to larger scales. In order
to maintain the location of the peak in the power spectrum fixed this requires a decrease
in the physical size of the sound horizon angular scale 6, = r5/D 4, as can be seen from
eq. (3.11). The effect of increasing the energy density in interacting radiation on the other
hand decreases the phase shift associated with the neutrinos and thus requires an increase in
the angular sound horizon scale.

Implications for the Hubble and og tensions. The fraction of interacting radiation
allowed by the data is not significantly increased by letting Ny vary as seen in figures 4
and 5. The only exception is when the likelihood for the local Hy measurements is included
in the scan, which brings the allowed range of Ny to slightly larger values and leads to
a mild preference for a non-zero fraction of interacting radiation. This can be partially
explained by recalling that the increase in Ny required to accommodate a larger Hy leads
to an increase in the ratio between the photon diffusion length and the sound horizon scale.
In addition, the presence of free-streaming species decreases the gravitational potential at
horizon crossing, and therefore leads to a smaller radiation driving effect for modes that enter
the horizon before matter radiation equality. Both of these effects decrease the temperature
power spectrum at larger ¢. Allowing part of the radiation to be interacting increases the
size of the gravitational potential at horizon crossing (see eq. (3.7)) in comparison to models
with only Ngg, and therefore leads to less suppression of power at high ¢. This effect enables
the data to tolerate slightly larger values of Ny as shown in figure 4. This, in turn, leads to
a larger overlap of the Planck+BAQO Hj posterior with the local measurement compared to
free-streaming radiation, which is illustrated in figure 2. This improvement can be quantified
in terms of Gaussian standard deviations by using the (generally non-Gaussian) posterior Hy
distribution to define an effective x? for the Planck+BAO results. We find that in models
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Figure 3. Marginalized posterior of the additional radiation degrees of freedom (either AN, =
Negr — 3.046, or ANyoy = Npg with Neg = 3.046) and the angular scale of the sound horizon 6
as derived from the Planck + BAO data sets. Free-streaming (Neg) and non-free-streaming (Nagq)
radiation exhibit different correlation with 8, due to their opposite effects on the phase shift of acoustic
peaks in the CMB. Supersonic propagation of free-streaming radiation perturbations shifts acoustic
peaks to larger angular scales; in order to keep the physical peak locations the same 6; must be
decreased. Conversely, non-free-streaming radiation reduces this phaseshift, requiring 6, to increase
to keep peak location the same. The darker inner (lighter outer) regions correspond to 68% (95%)
confidence regions.

with varying Niot and f the ~ 4.40 Hy tension (in ACDM with massive neutrinos) is reduced
to 3.30; this should compared to the 3.7¢ tension in the Neg-only model.

The reduced suppression of power at high-¢ also explains why models with interacting
radiation lead to smaller values for ngy compared to free-streaming only models as can be seen
in table 4. The smaller value for ng leads to a smaller og for models with interacting radiation
in comparison to models with only free-streaming species. However, as shown in figure 6,
when looking at Sg = 054/, /0.3 (a quantity more directly related to measurements), both
models are within the 20 allowed region of low-z measurement of ref. [38], Sg = 0.801f8:8§2.

In table 5 we break down the x? for the best fit points to the Planck TT, TE, EE +
BAO + Hj likelihood for each model by the different likelihoods used. We find that for all of
the models the improvement in x? is driven almost exclusively by the improved fit to the H
likelihood. In particular all models provide a worse fit to the CMB power spectrum, except
at low-¢ (¢ < 29), where they improve the temperature power spectrum and for the models
with Npq there is also improvement for low-¢ polarization.

Variation of primordial helium fraction Yj. It is well known that there is a partial
degeneracy between Nio and Y, due to their effects on the diffusion damping scale (see
the discussion around eq. (3.9) and, e.g., ref. [12] for a clear explanation). In order to
see the maximum effect of Y, in reducing the Hubble tension we considered models with
freely varying Niot and Y}, (i.e., Y}, is not calculated from BBN). The results for those runs
are shown in table 6. One sees that the extra freedom to adjust Y}, significantly increases
the allowed range for Ny, and consequently also for Hy. These results are relevant to
cosmological scenarios where Y), can vary independently of N, which can occur in some of
the models described in section 2. However, aside from the BBN consistency requirement,
there are also direct measurements of the primordial *He abundance which place constraints
on Y, that only depend on late Universe considerations. We have explored the effects of
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Figure 4. Marginalized posterior for the model with free-streaming and non-free-streaming species
for different combinations of cosmological data. In the left panel the posterior is shown as a function of
the total radiation degrees of freedom Nio and their free-streaming fraction fg, while the right panel
instead uses the number of free-streaming and non-free-streaming relativistic degrees of freedom, Neg
and Npq, respectively. In all cases, the darker inner (lighter outer) regions correspond to 68% (95%)
confidence regions.
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Figure 5. Marginalized posteriors of the fraction of energy in free-streaming radiation fg (left panel)
and the number of non-free-streaming degrees of freedom Ngq (right panel) in models with fixed and
varying Niot (solid, and dashed or dotted lines, respectively) for the Planck TT, TE, EE + BAO data
set. The solid dots denote the 95.4% CL lower (upper) limit on fg (Nag) in the left (right) panel.
These limits happen to coincide for the (Niot = 3.046, f5s) and (Niot, fs) models — see tables 1 and 3.

including such measurements in cosmological fits as an additional Gaussian prior with Y, =
0.2449 + 0.0040 [83]. We compare the results for runs including a Y}, prior to those without
in figures 7 and 8. One can directly see from the figures that the inclusion of the local
measurements as a prior leads to very similar results to using BBN to determine Y, and
therefore does not significantly improve the fit to local Hy measurements.

4.3 Particle physics interpretation

In this section we interpret our results in terms of the illustrative models described in sec-
tion 2.
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Figure 6. Marginalized posteriors of Hy and Sg = 081/, /0.3 in different models (colored regions)
for Planck TT, TE, EE + BAO data set and the corresponding direct late-time measurements (gray
bands) from refs. [16] and [38]. The darker inner and lighter outer contours correspond to 68% and
95% confidence regions, respectively.

Data Set Neg Neg = 3.046, Nag | Niot, [t
TTTEEE | +2.68 +6.24 +6.24
low-¢ TT | —0.63 —0.56 —0.56
low-¢ EE | 4+0.09 —1.06 —0.29
lensing +0.17 +0.8 +0.39
BAO +0.39 +0.73 +1.04
Hy —4.99 —9.93 —10.81
total —-2.3 —3.81 —4.02

Table 5. Best fit Ay? = x2— X/2\CDM for models with extra radiation species. In each case the best fit
points correspond to the full Planck + BAO + Hj data set combination of likelihoods. Low-/ refers
to the ¢ < 29 Planck likelihoods.

Non-Abelian dark radiation. First, we translate the constraints on Ngq into an upper
bound on the number of dark gluons Ny and the ratio of DR to SM temperature using

eq. (2.7)

(4.1)

,\* 0.087 95% C.L. (Neg = 3.046, Ngq)
Ny <—) <
Ty 0.14  95% C.L. (Neg, Naa),

where we used the Planck+BAO results from table 3 and figure 5. We see that allowing
both N and Nggq to vary leads to somewhat weaker constraints. Note that this result
does not assume that the DR and SM sectors were ever in thermal equilibrium. However, if
there exists a coupling between the non-Abelian dark sector, it must necessarily be through a
higher dimensional operator. In this case it is natural for the SM and DS to be in equilibrium
at early times but decoupled at late times, leading to a prediction for the temperature
ratio Ty/T, given in eq. (2.6). This prediction only depends on the SM-DR decoupling
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TT, TE, EE | TT, TE, EE + BAO | TT, TE, EE + BAO + H,

1006, L0428¥ 50" | 1042800003 1.0417+5,900%%
100012 2244402 224143310 22640012
Q.h? 0.120170:0065 0.1198100023 0.129510 9014
In 10" A, 3.02610:05° 3.02740019 3.033%0:0%0
ns 0.95651 0 00%] 0.957210 0082 0.961310999%
T 0.0547*5 0081 0.055173:09%7 0.0551790072
Niot 3.051073 3.0402¢ 3.6610-20
Jes > 0.78 > 0.79 0.867+0:078
Y 0.24175:07 0.24190% 0.217+0-019
Ho [km/s/Mpc] | 68.2737 682773 716413
rdreg [Mpc] 147.1%5 ¢ 147.243% 141.7%53
I8 08155015 0.815+001 0.82910011
X 2774.55 2781.46 2788.85

Table 6. Results for a model with Ny, fis and varying Y, (disregarding its direct measurement).
We present the marginalized mean +1 ¢ error for all the parameters, with the exception of fg for
which we show the 95% lower limit.
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Figure 7. Marginalized posteriors of Hy for the (Neg, Naq) model with Y}, fixed by BBN (blue dotted),
or allowed to vary disregarding direct measurements (red dashed) and including direct measurements
(black solid). The gray band shows the local Hy measurement [16], with darker inner and lighter
outer contours corresponding to 1o and 20 confidence regions, respectively.

temperature 7', and the assumption that there was no non-SM entropy injection between
Ty and today. In figure 9 we show the constraints implied by eq. (4.1) and the early-time
equilibrium hypothesis. In the left panel the prediction of eq. (2.7) for two gauge groups
is shown as a function of T} illustrating the constraining power of cosmological data. The
strongest cosmological constraints, for example, rule out DR from an SU(3) sector that was
in equilibrium with the SM at any temperature. In the right panel of figure 9 we show the
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Figure 8. Marginalized posteriors of Hy and Y, for the (Neg, Nuq) model with Y, allowed to vary
disregarding direct measurements (blue) and including direct measurements as a prior (red). The
gray bands show the direct late-time measurements of Hy [16] (horizontal band) and Y}, [83] (vertical
band), with darker inner and lighter outer contours corresponding to lo and 20 confidence regions,
respectively.
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Figure 9. Constraints on non-Abelian dark radiation that decoupled from the SM at temperature
Ty. In the left panel we show the predictions for Npq as a function of T, for DR from an SU(2)
(SU(3)) dark sector as the lower (upper) solid line. Upper bounds on Ngq from (Neg, Nag) and
(Negt = 3.046, Npq) scans using Planck+BAO data are shown as dotted gray lines. In the right panel
we translate these constraints into bounds on Ty as a function of the number of dark gluons Ny (e.g.,
Ny =3 in SU(2)). Gray shaded region is excluded at 95% C.L.

lower bound on 7' as a function of the number of dark gluons V4. The strongest Planck and
BAO constraints therefore exclude the possibility of a non-free-streaming dark sector with
Ng4 > 7 being in thermal equilibrium with the SM at any temperature (again, assuming no
non-standard entropy injections after 7).

Late equilibration of a dark sector. Our results can be used to constrain several limits of
the late equilibration scenario described in section 2.2. The most straightforward application
is the case when a neutrino-coupled mediator ¢ equilibrates with one or more neutrinos well
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before modes relevant for the CMB enter the horizon; this occurs if
VAumg 26 x 1075 eV, (4.2)

where we used eq. (2.11), taking T;;fs > 20(4/11)/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 mgy < eV.% These conditions ensure that Nio; ~ 3
and that the ¢ — v bath behaves as a relativistic fluid throughout the CMB era. This scenario
then directly maps onto the (N = 3.046, fx) 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 ¢ 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 N}, 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 Nio;. 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 fg come from those
neutrino mass eigenstates that do not interact with the DS:

3—N,
Ntot ’

f fs A (4.3)
where N, is the number of interacting neutrinos and Ny, is given by eq. (2.16). This scenario
is generalization of the one described in the previous paragraph, which allows for Ny > 3.
The prediction this model is shown in figure 10 for N, = 1, varying N’ and different choices
of Nj. Note that since the numerator of eq. (4.3) only depends on N,, all choices of N},
collapse onto the same contour. It is also clear from this equation that we expect fr < 2/3
for this scenario, which is robustly excluded by cosmological data.

The second interesting limit corresponds to the case where the Nj heavy states include
the mediator ¢. 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 fi, but N, of them have a
distinct temperature; we find that

1 N, N, + N \*3
~ 3— N, N, 4.4
ffs Ntot [ v+ Ny (NV+N/> <NZ/+N/N}1> ) ( )

where Nyt is given in eq. (2.16). The predictions for this scenario are shown by blue dashed
lines in figure 10 for N, = 1. In contrast to the previous case, the temperature of the now-
decoupled N, eigenstates depends on Ny, which ensures that different choices of this quantity
give different predictions in the Nyt — fs plane. In all cases, however, for N’ > N,,, N, the
contribution of the NV, neutrinos to fi is diluted as the energy is shared amongst many DS
states, and f5 approaches 2/3 (i.e. only the non-interacting 3 — N,, neutrinos contribute to

5Tf mg > eV, the mediator goes non-relativistic and heats the neutrinos relative to photons, increasing
Neg without changing neutrino free-streaming during the CMB epoch. Bounds on AN.g 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 ¢ — v fluid and phase-space distributions have non-trivial evolution.

—90 —



Late Equilibration of a DS with One Neutrino
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Figure 10. Predictions of models with late equilibration of a dark sector (DS) that couples to a
single neutrino mass eigenstate. The black line shows the case where the DS remains coupled to that
neutrino throughout the CMB epoch, so that the only free-streaming species are the remaining two
neutrinos. This contour is obtained by varying the total number of DS states N’ and the number of
“heavy” states N;, that become non-relativistic after equilibration but before the CMB epoch. Larger
Ny, results in a higher density of non-free-streaming states, thereby lowering fr;. The dashed blue
lines show the predictions of an alternative scenario where after equilibration, N DS states become
non-relativistic, including the mediator responsible for v-DS interaction, thereby decoupling the two
sectors once again. This heats both the DS states and the single neutrino eigenstate; now, however,
all neutrinos contribute to the free-streaming fraction, including the one that used to interact with
the DS. The dots on the N, = 1 and 2 lines correspond to N’ = 3, with larger N’ falling below the
dots. The Planck+BAO posterior distribution (see figure 4) is shown in red with the darker inner
(lighter outer) regions corresponding to 68% (95%) confidence regions.

the free-streaming fraction as before). In the other limit N’ ~ N}, fi approaches 1 — the
only remaining light relics are neutrinos with a slightly higher total energy density, resulting
in Nyt > 3. We see in figure 10 that cosmological data is able to distinguish between
these different scenarios and place severe constraints on models with N’ > 3 or N, > 2.
We emphasize that these constraints apply as long as the equilibration and non-relativistic
transitions occur outside of the CMB era. If this is not the case, then the various fluids have
time-dependent equations of state and free-streaming behavior which is not captured by the
simple cosmological model described in section 3.

5 Conclusion

In this paper we have studied the status of cosmological models with extra radiation after
Planck’s final data release, allowing part of that radiation to be non-free-streaming. We also
considered combinations of Planck’s results with BAO and direct measurements of Hy.

When restricting the total radiation to be equal to that predicted by ACDM, Ny, =
3.046, we find that Planck data alone requires the fraction of free-streaming radiation to
be larger than 80%. This shows that none of the neutrino flavors can have non-negligible
interactions during the CMB epoch.

If the total amount of radiation is allowed to vary, we find that models which have an
interacting component allow for slightly larger values of Ny, and therefore larger values for
Hy. This reduces the tension between local measurements of Hy and the CMB. Both the
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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 xy? compared to the
Neg case. However, if one takes into consideration the number of extra degrees of freedom
in each model, (Neg = 3.046, Ngq) is the one most favored by data.

Interacting radiation models also lead to slightly lower values for ng when compared
to free-streaming radiation models with the same total amount of radiation. This leads to
smaller values for og which results in less tension between solutions to the Hy 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 T'T likelihood for the models with varying Ny are
given in table 7.

ACDM Nege Neg = 3.046, Nyq Niot, frs
1006, LOAS 00 | 104200000 | Loa2 00 | 104207000053
1009,72 2.21470022 | 2.20975:05) 2.232700%8 2.219700%3
Q.h? 0.1273901% | 0.1188100055 | 0.122375:0032 0.119619- 505
In 10104, 3.03975:018 | 3.03510:022 3.03875:012 3.01975:027
ns 0.9636700057 | 09673912 0.96597009% 0.95370011
T 0.0522F5-0070 1 0.051810-5083 | 0.053270:9582 0.0521+9-5078
Niot 3.046 2.967027 3.19719939 2,960 37
fis 1 1 > 0.88 > 0.72
Hy [km/s/Mpc] | 67.697972 67.1722 68.8770-87 67.2723
rdrag [Mpc] 147.3770 52 148.212°% 1458737 1479723
os 0.822270-5062 | 0.81915-013 0.82527065073 0.81315-013
X2 1189.2 1188.93 1189.11 1188.41

Table 7. Comparison of extensions of ACDM with extra radiation degrees of freedom for the Planck
TT likelihood. We present the marginalized mean +1 o error for all the parameters, with the exception
of fs for which we show the 95% lower limit. The X2, values correspond to best-fit point found using
numerical minimization.
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B Posterior distributions

Here we present the full combination of 2d posterior distributions for the model with Ngq
only (figure 11) and with Neg + Ngq (figure 12) using the Planck TT, TE, EE + BAO
likelihood combination, and demonstrate the impact of an additional prior on Hy from the
local measurement of ref. [16].
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Figure 11. Posterior distributions for a model with Neg = 3.046 and varying Ngq for the Planck
TT, TE, EE + BAO data set with (thin blue contours) and without an Hy prior (filled red regions).
In both cases, the inner (outer) contours correspond to 68% (95%) confidence regions.
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