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Self-interaction among the neutrinos in the early Universe has been proposed as a solution to the
Hubble tension, a discrepancy between the measured values of the Hubble constant from CMB and
low-redshift data. However, flavor-universal neutrino self-interaction is highly constrained by Big
Bang Nucleosynthesis and other laboratory experiments such as, tau and K-meson decay, double-
neutrino beta decay etc. We study the cosmology when only one or two neutrino states are self-
interacting. Such flavor-specific interactions are less constrained by the laboratory experiments.
Lastly, we address the feasibility of resolving the Hubble tension within the framework of such
flavor-specific neutrino self-interaction.
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1. Introduction

Since the early days of the Planck experiment, a discrepancy in the value of the Hubble
parameter from CMB observations and local (low redshift) measurements have become a topic of
active research [1]. This discrepancy has been heightened further with the publication of the latest
data from the Planck experiment and the local Hy-measurement using cepheids and supernovae by
the SHOES collaboration [2—4]. Planck measured value a Hubble constant using the CMB data Hy =
67.36+0.54km s~'Mpc~!, and the SHOES collaboration measured Hy = 74.03+1.42km s~ 'Mpc~'.
There is now a 4.40 tension between these two values. An independent local measurement of Hy
performed in Ref.[5] found Hy = 69.8 + 1.9km s~'Mpc~!. Other than some unknown experimental
systematics, this discrepancy could imply a new physics beyond ACDM. Several such scenarios
have been proposed to address it. See Ref. [6] for a review.

The authors in Ref. [7] introduced a model of self-interacting neutrinos (SINU) where the
interaction is mediated by a heavy scalar ¢. At low temperature, it leads to a flavor-universal
four-Fermi interaction with a coupling strength G.r. A Bayesian analysis of this model with the
CMB data yields two modes in the posterior distribution of Gg: a strongly interacting (SI) mode
with a large value logo(Gerr/MeV~2) = —1.711*0%9 (68% confidence limit), and a moderately
interacting (MI) mode with an upper bound log,,(G.t/MeV~2) < —3.57 at 95% confidence level
when the Planck 2015 and BAO data are used. However, SINU scenario faces strong constraints
from the laboratory experiments [8, 9]. They showed that a simple model of flavor-universal SINU
scenario is ruled out by laboratory constraints from meson decay, T decay, and double beta decay.

In Ref.[10], we performed a Bayesian analysis of flavor-specific neutrino self-interaction
scenario using latest cosmological data. Our goal was to complement the flavor-specific SINU
studies from laboratory experiments with the cosmological data. We considered three massless
neutrinos and fixed Neg = 3.046. The effect of neutrino mass can be speculated from our results.
We consider three scenarios depending on the number of interacting species — 3-coupled (3¢ + 0f),
2-coupled + 1-free-streaming (2¢ + 1f), and 1-coupled + 2-free-streaming (1c + 2f) respectively.
We assumed same coupling strengths for the coupled species for the first two cases.

2. The model
We consider scalar interactions between massless v and ¢ as
LD gijdvivy, (D

where g;; is the coupling between ¢ and the neutrino flavors i and j. At low temperature, a
four-Fermi interaction among the neutrinos is generated as follows,

ikl - ijkl) _ 8ij8kl
L>G6 Wiy, GUM = T 2)
¢
We consider only diagonal interactions in the flavor space. The number of neutrino flavors will be
fixed to three with all of them having a same temperature 7;,,. However, because of the complete

equivalence of the interacting states in the context of CMB, we need to consider only one common
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Figure 1: CMB 7T and EE angular power spectra for 3¢ + Of (red, solid), 2¢ + 1f (blue, dotted), and
1c + 2f (green, dashed) scenarios are shown in the top panels. The ACDM power spectra are also shown for
comparison in solid black. The parameters for the ACDM spectra correspond to the best-fit points for the
TT,TE,EE+lowE dataset. The bottom panels show the relative changes from the ACDM spectra. For SINU
plots, we have set log;,(Ger/MeV~2) = —1 and the rest of the parameters are fixed to their ACDM best-fit
values. We also show the binned Planck 2018 data in both the plots as black circles with errorbar.

coupling parameter G for all the interacting states in a given scenario. The comoving neutrino
self-interaction opacity 7, is defined as

ty, = —a(Ger)*T? , 3)

where a is the scale factor of the Universe.

3. Changes in the CMB power spectra

The self-interaction stops the neutrinos from free-streaming before decoupling. The new
interaction damps the perturbations for £ > 2 and impedes the growth of the anisotropic stress
o. The damping is maximum for 3¢ + Of where all three neutrinos are interacting, and gradually
decreases for 2¢ + 1f and 1c + 2f where the number of interacting neutrino flavor is two and one
respectively. The anisotropic stress is related to the gravitational potentials ¢ and ¢ via

(¢ =v) = 121Ga® ) (pi+P)oy = 167G’ puRyory, Ry=—L— (&)
iy Pv + Py
In the last step in the equation, we ignored the small anisotropic stress of photon o, before
recombination. And, R, =~ 0.41 is the fractional energy density of free streaming neutrinos which,
in radiation domination in ACDM. The suppression of neutrino anisotropic stress helps enhance
the gravitational potentials ¢ and . The gravitational potentials in turn affect the evolution of the
photon perturbations.
In ACDM cosmology, the supersonic propagation of neutrino perturbations creates a phase
shift ¢, and an amplitude modification A, in the acoustic oscillations of the photon [11], which in
the radiation domination, are given by

¢, ~0.197R,, A, =-0.27R, . )
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Figure 2: The contours of 68%, 95%, and 99% confidence levels for log,((Gesr/MeV~2) and Hy in 1c + 2f
(green), 2c¢ + 1f (blue), and 3c + Of (red) for the Planck TTTEEE+lowE+lensing dataset. The SI mode
contour for 3¢ + 0f yields the largest value of Hy because of bigger phase shift. However, the significance of
the mode is much less compared to 2¢ + 1f and 1c + 2f.

Together, they move the peaks in the TT and EE power spectra towards smaller ¢, and suppress the
amplitude of the power spectra. The self-interaction stops the neutrinos from free-streaming and
delays the neutrino decoupling. As a result, the free-streaming neutrino fraction R, is decreased
relative to its ACDM value depending on the number of neutrino species which are coupled.

4. Results

The posterior of G shows a bimodal feature as expected. The MI mode corresponds to smaller
values of G where the CMB spectra are compatible with ACDM. The SI mode is characterized
by a relatively large value of G.g, and arises due to degeneracy with other parameters, including
Hy. The significance of the SI mode increases as the number of interacting neutrinos goes down.
This follows from the fact that the changes in the CMB spectra in SINU are proportional to the
number of interacting neutrinos as can be seen from Eq.(5). This makes the SI mode parameter
values more compatible with data, and boosts the significance of the mode.

The neutrino self-coupling strength Geg has a positive correlation with Hy through the phase-
shift. The mean value of Hy, shifts to Hy = 69.46+0.52km S_lMpC_l for the TTTEEE+lowE dataset
for the SI mode, reducing the tension with the SHOES measurement to ~ 30-. On the other hand,
this value of Hj is fully consistent with the CCHP measurement Hy = 69.8 + 1.9 km s‘lMpc‘1 [5].
However, the SI mode value of Hj slightly decreases in the flavor-specific 2¢ + 1f and 1c + 2f
scenarios because of smaller phase shift, but the significance of the mode is increased. This is
evident from figure 2. In table 1, we show Hp, Qu, 1006, r;, and D’;‘ for 3¢ + Of, 2¢ + 1f and
ACDM. The shift in 65 due to the phase shift in SINU decreases D’, that helps increase the value
of Hp and Q4. Note that, the value of r; changes by only about 1o from ACDM, and plays a
sub-dominant role in changing the value of Hy.
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SI: 3c + Of SI: 2¢ + 1f ACDM
Hy(kms™'Mpc) 69.47 + 0.59 68.87 + 0.58 67.90 + 0.54
Qn 0.7035 + 0.0071 0.6989 + 0.0072 0.6912 + 0.0073
1006, 1.0463 +0.00094 | 1.0447 +0.00079 | 1.04186 + 0.00029
r*(Mpc) 144.58 +0.32 144.69 + 0.31 144.87 +0.29
D’ (Mpc) 12.69 + 0.036 12.72 + 0.034 12.773 + 0.028

Table 1: Parameter values and 68% confidence limits for SI mode in 3¢ + Of and 2¢ + 1f, and ACDM in
TTTEEE+lowE+lensing data.

5. Discussion

Neutrino self-interaction introduces a phase shift and enhance the CMB anisotropy power
spectra relative to ACDM. This scenario has been proposed to ease the Hubble tension. However,
the required strength of the self-interaction to resolve the tension is strongly constrained in flavor-
universal scenario by other laboratory experiments. We studied the cases where only two or one of
the three neutrino species are interacting using the latest CMB data from 2018 Planck experiment.
We found a bimodal posterior as in the previous studies with flavor-universal case. Moreover, we
found that the strongly interacting (SI) mode is boosted in the flavor-specific scenario. Less number
of interacting neutrino means less amount of changes in the CMB power spectra which makes larger
coupling strength more compatible with the data boosting the SI mode.

The neutrino coupling strength G is degenerate with the Hubble constant Hy, and the SI
mode favors a slightly larger value of Hy compared to ACDM, easing the Hubble tension. We,
however, found that the value of H is decreased when only two or one neutrinos are interacting. As
aresult, the SINU scenario cannot resolve the Hubble tension when all laboratory and cosmological
constraints are taken into consideration. In our work, we did not include off-diagonal interactions as
it requires one to incorporate neutrino mass as well. Hence, it remains to be seen how the addition
of off-diagonal interaction affects the Hubble parameter.
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