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Approach: Discrepancy in the baryon 
sound horizon

See also  Arendse et al. (2019). Aylor et al. (2018),
Bernal et al. (2016), Verde et al. (2017)

Knox & Millea (2019)
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How to modify the Baryon-Photon 
Sound Horizon

• Can either change the sound speed, 
or the Hubble rate at early times.
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Sound horizon probe: BAO

BAO primarily measures 2 
“processed” versions of the 
baryon-photon sound 
horizon.

Line of sight:

Transverse:

H(z)rs

rs/DA(z)

BAO measurements are invariant under the change 

Eric Huff (JPL)

H(z) ! fH(z)
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Canonical Neff  alone doesn’t work…
• BAO and CMB prefers different trajectories in energy 

density space.  

• BAO likes scaling solution , CMB doesn’t.
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Free-streaming neutrinos and the CMB

Bashinsky & Seljak (2004)
Follin et al. (2015)
Baumann, Green, Meyers & Wallisch (2016)
Choi, Chiang & Loverde (2018)

Baryon-photon perturbations interact with all relativistic species 
through their gravitational coupling 
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Cyr-Racine & Sigurdson (2014)

Baryon-photon acoustic wave

A Cosmological Limit on Neutrino Self-Interactions

Francis-Yan Cyr-Racine
NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA and

California Institute of Technology, Pasadena, CA 91125, USA

Kris Sigurdson
Department of Physics and Astronomy, University of British Columbia, Vancouver, BC, V6T 1Z1, Canada
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In the standard model neutrinos are assumed to have streamed across the Universe since they
last scattered at the weak decoupling epoch when the temperature of the standard-model plasma
was ⇠MeV. However, the presence of nonstandard physics in the neutrino sector could alter this
simple picture and delay neutrino free-streaming until a much later epoch. We use observations of
the Cosmic Microwave Background (CMB) to constrain the strength of neutrino self-interactions G⌫

and put limits on new physics in the neutrino sector from the early universe. The recent improvement
in accuracy of CMB measurements made by the Planck satellite and high-l experiments is critical
in obtaining this constraint. We show that cosmological data allows neutrino free-streaming to
be delayed until the Universe has cooled to a temperature close to 35 eV, almost five orders of
magnitude lower than in the standard cosmological paradigm. Nevertheless, these data constrain
neutrino physics at an e↵ective energy scale ⇤⌫ & 30 MeV well above the typical energy scale
of neutrinos when the decouple. While we discuss a specific scenario in which such a late onset of
neutrino free-streaming could occur our constraint on the neutrino visibility function is very general.

PACS numbers: 98.80.-k

INTRODUCTION Neutrinos are the most elusive
components of the standard model (SM) of particle
physics. Their tremendously weak interactions with
other SM fields render measurements of their fundamen-
tal properties very challenging. At the same time, the
existence of neutrino mass [? ] constitutes one of the
most compelling evidence for physics beyond the SM, and
makes the neutrino sector a prime candidate for searches
of such new physics. In recent years, cosmology has pro-
vided some of the most stringent constraints on neutrino
properties, most notably the sum of their masses and
their e↵ective number [? ? ? ]. Can cosmological data
can inform us about other aspects of neutrino physics?
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One assumption that is rarely challenged is the free-
streaming nature of cosmological neutrinos (for excep-
tions, see [? ? ? ? ? ? ? ]). Within the standard model
this assumption is justified since SM neutrinos are ex-
pected to have decoupled from the primeval plasma in the

very early Universe at a temperature T ' 1 MeV. Yet,
this assumption is not a priori driven by any cosmolog-
ical observations, but is the results of a particle-physics
prior on the choice of cosmological models that we choose
to compare with data. Abandoning this prior allows us
to answer the important question: How does cosmologi-
cal data inform us about possible interactions in the neu-
trino sector? Free-streaming neutrinos create anisotropic
stress which, through gravity, alters the evolution of the
other particle species in the Universe [? ? ]. As cosmo-
logical fluctuations in the photon and baryon fluids are
particularly sensitive to the presence of a free-streaming
component during the radiation-dominated era, we ex-
pect the recent measurements of the CMB to provide a
strong constraint on the onset of neutrino free-streaming.

In this Letter, we compute the first purely cosmological
constraints on the strength of neutrino self-interactions.
In the following, we model the interaction as a four-
fermion vertex whose strength is controlled by a dimen-
sional constant, analogous to the Fermi constant, G⌫ . In
this scenario, the onset of neutrino free-streaming is de-
layed until the rate of these interactions fall below the
expansion rate of the Universe, hence a↵ecting the evo-
lution of cosmological fluctuations that enters the causal
horizon before that epoch. As we discuss below, the cos-
mological observables are compatible with a neutrino vis-
ibility function peaking at a temperature orders of mag-
nitude below that of the standard picture.

In earlier investigations of neutrino properties [? ?
? ? ? ? ], neutrinos were modeled as a fluid-like [?
] and constraints were placed on the phenomenological
parameters ce↵ and cvis, the rest-frame sound speed and

for
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In the standard model neutrinos are assumed to have streamed across the Universe since they
last scattered at the weak decoupling epoch when the temperature of the standard-model plasma
was ⇠MeV. However, the presence of nonstandard physics in the neutrino sector could alter this
simple picture and delay neutrino free-streaming until a much later epoch. We use observations of
the Cosmic Microwave Background (CMB) to constrain the strength of neutrino self-interactions G⌫

and put limits on new physics in the neutrino sector from the early universe. The recent improvement
in accuracy of CMB measurements made by the Planck satellite and high-l experiments is critical
in obtaining this constraint. We show that cosmological data allows neutrino free-streaming to
be delayed until the Universe has cooled to a temperature close to 35 eV, almost five orders of
magnitude lower than in the standard cosmological paradigm. Nevertheless, these data constrain
neutrino physics at an e↵ective energy scale ⇤⌫ & 30 MeV well above the typical energy scale
of neutrinos when the decouple. While we discuss a specific scenario in which such a late onset of
neutrino free-streaming could occur our constraint on the neutrino visibility function is very general.

PACS numbers: 98.80.-k

INTRODUCTION Neutrinos are the most elusive
components of the standard model (SM) of particle
physics. Their tremendously weak interactions with
other SM fields render measurements of their fundamen-
tal properties very challenging. At the same time, the
existence of neutrino mass [? ] constitutes one of the
most compelling evidence for physics beyond the SM, and
makes the neutrino sector a prime candidate for searches
of such new physics. In recent years, cosmology has pro-
vided some of the most stringent constraints on neutrino
properties, most notably the sum of their masses and
their e↵ective number [? ? ? ]. Can cosmological data
can inform us about other aspects of neutrino physics?
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One assumption that is rarely challenged is the free-
streaming nature of cosmological neutrinos (for excep-
tions, see [? ? ? ? ? ? ? ]). Within the standard model

this assumption is justified since SM neutrinos are ex-
pected to have decoupled from the primeval plasma in the
very early Universe at a temperature T ' 1 MeV. Yet,
this assumption is not a priori driven by any cosmolog-
ical observations, but is the results of a particle-physics
prior on the choice of cosmological models that we choose
to compare with data. Abandoning this prior allows us
to answer the important question: How does cosmologi-
cal data inform us about possible interactions in the neu-
trino sector? Free-streaming neutrinos create anisotropic
stress which, through gravity, alters the evolution of the
other particle species in the Universe [? ? ]. As cosmo-
logical fluctuations in the photon and baryon fluids are
particularly sensitive to the presence of a free-streaming
component during the radiation-dominated era, we ex-
pect the recent measurements of the CMB to provide a
strong constraint on the onset of neutrino free-streaming.

In this Letter, we compute the first purely cosmological
constraints on the strength of neutrino self-interactions.
In the following, we model the interaction as a four-
fermion vertex whose strength is controlled by a dimen-
sional constant, analogous to the Fermi constant, G⌫ . In
this scenario, the onset of neutrino free-streaming is de-
layed until the rate of these interactions fall below the
expansion rate of the Universe, hence a↵ecting the evo-
lution of cosmological fluctuations that enters the causal
horizon before that epoch. As we discuss below, the cos-
mological observables are compatible with a neutrino vis-
ibility function peaking at a temperature orders of mag-
nitude below that of the standard picture.

In earlier investigations of neutrino properties [? ?
? ? ? ? ], neutrinos were modeled as a fluid-like [?
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FIG. 3: a) Adiabatic Green’s functions for neutrino (solid) and photon (dashed) number density perturbations in the radiation
era. The neutrino fraction, Rν , of the radiation density is assumed infinitesimal. b) Adiabatic Green’s functions for the
gravitational potentials Φ± ≡ (Ψ ± Φ)/2 in the radiation era. The solid and dashed curves are the sums of the O(R0

ν) and
O(Rν) terms for three neutrino species. The dotted line is Φ+ = Φ for Rν → 0.

appearing on its right hand side is the one provided
by the photon density perturbation (112). As for the
left hand side, where Ψ = Φ+ + Φ−, the only delta-
function comes from the double derivative of the term
!
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in eq. (106). The equality of

these contributions requires
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Substituting eq. (106) in (113) and eliminating pΦ with
the relation above, we obtain
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Calculating pΦ from the last two equations is somewhat
easier than from eq. (107).

Now we have all the analytic tools to analyze how neu-
trinos affect CMB perturbations. The evolution of metric
perturbations without neutrinos is given by eqs. (108–
109). Then the photon density Green’s function follows
from eqs. (112, 115) as
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.

(116)

Its Fourier transform (93) leads to the photon density
Fourier modes in the radiation era:

d(Rν→0)
γ (τ, k) = −3ζin

*

2 sinϕs

ϕs
− cosϕs

+

, (117)

with ϕs = kτ/
√

3. In particular, without neutrinos the
photon density modes oscillate under the acoustic hori-
zon (ϕs ≫ 1) as a pure ϕs cosine.

The predictions for both the phase and the amplitude
of the photon mode oscillations differ when the gravity

of neutrino perturbations is taken into account. The os-
cillations of the Fourier modes on subhorizon scales are
described by the singular terms in the real space Green’s
functions. For the photon density (112) these are the
δ-function and (χ± 1√

3
)−1 singularities at χ = ± 1√

3
:

d̄γ(χ) = pγ δD
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where

rγ = Φ̄+(1/
√

3) (119)

and the dots stand for more regular terms. The Fourier
transform of eq. (118) follows from the first and third
lines of Table II, where n is set to 0 and 1, as

dγ(τ, k) = 2
#

pγ cosϕs − rγπ
√

3 sinϕs

$

+ O(ϕ−1
s ) . (120)

A non-zero phase shift with respect to the cosϕs oscil-
lations is generated whenever rγ ̸= 0. By eq. (119) this
can happen for adiabatic perturbations if only some per-
turbations propagate faster than the sound speed in the
photon fluid, and thus are able to generate metric pertur-
bations beyond the acoustic horizon. This is the case for
the neutrino perturbations, propagating with the speed
of light, Fig. 3 a).

The values of pγ and rγ in eq. (118) are calculated
in O(Rν ) order in Appendix C. With its results (C6)
and (C7), the mode (120) can be presented as

dγ(τ, k) = 3ζin(1 + ∆γ) cos (ϕs + δϕ) + O(ϕ−1
s ) , (121)

where

∆γ ≃ − 0.2683Rν + O(R2
ν) ,

δϕ ≃ 0.1912 πRν + O(R2
ν) .

(122)

As demonstrated in Fig. 4 a), our theoretical predictions
are in excellent agreement with numerical calculations
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FIG. 2. Snapshot of neutrino and photon density fluctuations in configuration space at a fixed redshift. The black dot-dashed
line shows the standard free-streaming neutrino fluctuation while the green dashed line displays the corresponding photon
density fluctuation. The solid blue and red dotted lines show the density fluctuation of self-interacting neutrinos and the
corresponding photon perturbation, respectively. These two lines lie on top of one another since both neutrinos and photons
behave as tightly-coupled fluids at the epoch shown here. The di↵erence between the green dashed and the red dotted lines
readily illustrates the phase shift and amplitude suppression of the photon fluctuation associated with free-streaming neutrinos.
Here we have adopted a Planck cosmology [3].

neutrinos solely couple to CMB photons via the gravita-
tional potentials, which themselves depend on integrals
of the neutrino distribution function. While it would be
interesting to study and quantify the impact of neutrino
spectral distortions on the CMB (see e.g. [57]), we leave
this possibility to future work and assume the form of
Eqs. (4) and (5) to be valid throughout neutrino decou-
pling.

We solve Eqs. 4 and 5 numerically together with the
standard perturbation equations for the photons, baryons
and dark matter using a modified version of the code
CAMB [58]. At early times, the tightly-coupled neutrino
equations are very sti↵ and we use a tight-coupling ap-
proximation which sets F⌫2 = 8(✓⌫ + k�)/(15↵2⌧̇⌫) and
F⌫l = 0 for l � 3 [59]. We note that the neutrino opacity
is related to the commonly used viscosity parameter c2vis
though the relation c2vis = (1/3)(1�(15/8)⌧̇⌫↵2F⌫2/(✓⌫+
k�)). As long as neutrinos form a tightly-coupled fluid,
the second term is very close to unity and c2vis approaches
zero. After, the onset of neutrino free-streaming, the sec-

ond term becomes vanishingly small and c2vis ! 1/3. This
illustrates that modeling nonstandard neutrino physics
with a constant c2vis 6= 1/3 has no intuitive meaning in
terms of simple particle scattering, hence shedding doubt
on the usefulness of this parametrization.

We compare in Fig. 2 the evolution in configuration
space of self-interacting and free-streaming neutrino fluc-
tuations. Since it can establish gravitational potential
perturbation beyond the sound horizon of the photon-
baryon plasma, free-streaming radiation suppresses the
amplitude and shift the phase of photon density fluctua-
tions [13, 19, 20]. For each Fourier mode of the photon
fluctuations, the magnitude of these two e↵ects is directly
proportional to the free-streaming fraction of the total
radiation energy density when the Fourier mode enters
the Hubble horizon. If neutrino free-streaming is delayed
due to their self-interaction until redshift z⌫⇤, Fourier
modes of photon fluctuations entering the horizon before
z⌫⇤ would not be a↵ected by the standard shift in am-
plitude and phase. On the other hand, the amplitude of

Free-
streaming 
neutrinos 
propagate 
faster than 
baryon-
photon 
sound wave

Photons (wo/ standard neutrinos)
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TABLE I. Scattering and annihilation processes involving
electron neutrinos; the four-momentum of the incoming elec-
tron neutrino is denoted by p; the four-momentum of the other
incoming particle is q; the four-momentum of the outgoing v,
(or lepton) is p', and the four-momentum of the outgoing an-
tilepton is q' (see Fig. 1). p and ~ neutrinos are denoted by v;
(i =p, ~). The invariants s, t, and u are defined by
s =(p+q) =2p q, which is the total energy squared in the
center-of-mass (c.m. ) frame; t =(p —p') =—2p p' is the four-
momentum transfer between the incoming electron neutrino
and outgoing lepton; and u =(p —q') =—2p-q' is the four-
momentum transfer between the incoming electron neutrino
and outgoing antilepton. In computing the matrix-elements
squared, we have assumed that all leptons are ultrarelativistic,
which implies that s+t+u =0; GF-—1.17X10 ' GeV is the
Fermi constant, a =(2 sin~Os + 1) =2.13, b =(2 sin 0~)
=0.212, and sin 8~-—0.23. Both neutral- and charged-current
interactions have been included.

Process

Annihilation
v +7, e +e+
v, +v, —+v;+v;

8GF(bt +au )
8GF'u '

Scattering

v, +e ~v, +e
v, +e+~v, +e
Ve+ Ve ~ve +Ve
Ve +Ve ~V~ +Ve

v, +v;~v, +v;
Ve+ V; ~ve+Vi

86F(as +bu )
8GF(bshe+au )

8GF~s'
86 (4u')
86 s
8GF~u 2

thermal contact with the electromagnetic plasma and
other neutrinos species are 2~2 scattering and annihila-
tion processes that involve neutrinos and/or antineutri-
nos and electrons and/or positrons. Neutrino-nucleon in-
teractions are extremely unimportant because of the scar-
city of nucleons, only about one nucleon per 10 elec-
trons, positrons, neutrinos, and antineutrinos.
Scattering and annihilation processes involving elec-

trons and positrons can heat neutrinos, v+e*+ v+e +—

and v+v~e +e, while scattering and annihilation
processes involving only neutrinos can only thermalize
the neutrino distributions, e.g., v, +v„~v, +v„or v, +v,
~v, +v,. All the annihilation and scattering processes
involving electron neutrinos and their matrix-elements
squared times symmetry factors are displayed in Table I
[7]; the analogous compilation for p and r neutrinos is
given in Table II. In addition, our notation is explained
in the tables and illustrated in Fig. 1.
The p- and ~-neutrino phase-space distribution func-

tions are identical, but not equal to that of the electron
neutrino, since electron neutrinos have both neutral- and
charged-current interactions. We shall assume that the
chemical potentials of all lepton species are very small
ipse « T, which is known for e 's and is expected for all
the neutrino species. This implies that the phase-space
distribution functions of particles and their antiparticles
are identical. This and the fact that the v„and v, distri-
butions are identical means that we need only track the

v+v, e +e
Vi+ Vt ~ve +Ve

v;+vr ~vj+vj

862(bt 2+ cu 2)
8G'u'
86FQ

Scattering
v;+e ~v;+e
v, +e+~vi+e+
v;+ve~v;+ vq

V; +Ve ~Vt +Ve

vi+ vi ~vi+ v,
v;+ v)~ vi+ v
v;+v;~v;+v;
vi +vj ~vi +vj

86F(cs +bu )
86F(bs'+ cu ')

862s2
862u'
862s'
8G
8G'(4 ')
86 u

phase-space distribution functions of electron and muon
neutrinos.
We are now ready to derive the Boltzmann equations

that govern the small distortions to the neutrino phase-
space distribution functions that develop due to e—heat-
ing. Around the time that "neutrinos decouple, " the
temperature of the electromagnetic plasma begins to de-
crease more slowly than R '(t), as e+— pairs become
fewer in number and transfer their entropy to photons
and the remaining e+—pairs. If neutrinos had completely
decoupled by this time, their temperature would simply
decrease as R '(t) and would be dropping relative to the
photon temperature. It is this small temperature
difference that drives residual neutrino-electron interac-
tions to heat the neutrinos. By calculating how well neu-
trinos are able to track the relatively rising photon tem-
perature, we are able to follow the process of neutrino
decoupling.
With these facts in mind, we write the phase-space dis-

P q
(outgoing neutrino or lepton) {other outqoin(j particle)

2
+qI =2p. q
-p'j =-~p-p'I 2

-q' I =-~p.q

P
(incoming neutrino)

q
(other incoming particle)

FIG. 1. The labeling of four-momenta for neutrino interac-
tions, cf. Tables I and II, and our definitions of the Mandelstam
variables s, t, and u.

TABLE II. Same as Table I, except for p and ~ neutrinos.
The four-momenta are denoted in the analogous manner: p is
the four-momentum of the incoming v;; q is the four-
momentum of the other incoming partijle; p' is the four-
momentum of the outgoing v; (or lepton); and q' is the four-
momentum of the outgoing particle that scatters with the v; (or
antilepton) (see Fig. 1); s =(p+q), t =(p —p'), u =(p —q')',
i,j =p, ~, iWj, and c =(2sin'0~ —1) =0.292.

Process

Annihilation

4-Fermion Interaction stronger than Fermi constant

2

act only via gravity. In this paper we investigate a class
of models which feature extra, non-standard, neutrino in-
teractions. In these models, neutrinos interact strongly
with a new scalar boson, which is brought into thermal
equilibrium though its coupling to the neutrinos. Rather
than free-streaming, the neutrinos form a tightly coupled
fluid with the new scalar.

These models generically have non-standard values for
N eff

ν , but perhaps more interestingly, the absence of neu-
trino free-streaming leaves a distinctive signature in the
CMB. If the neutrinos are part of a tightly coupled
fluid, they are fully characterized by density and ve-
locity perturbations, and anisotropic stress is negligible.
In [21, 22] it was shown that the current Wilkinson Mi-
crowave Anisotropy Probe (WMAP) CMB measurements
already have some sensitivity to this effect. This is sig-
nificant because in addition to being able to infer the
presence of relativistic degrees of freedom, we may now
also be able to say something about the interactions of
the particles which make up that relativistic energy den-
sity.

In this paper we address the question: how much rel-
ativistic energy density is there, and what fraction of it
must consist of weakly interacting particles? We answer
this question in general, and also in the context of specific
models.

II. INTERACTION MODEL

Although the results of our analysis are valid in a wider
context than the interaction model we now describe, we
examine in this section a simple physical model of non-
standard neutrino interactions for illustrative purposes.

We consider the coupling of neutrinos to each other
with bosons, through tree level scalar or pseudo-scalar
couplings of the form

Lνφ = hijνiνjφ + gijνiγ5νjφ, (1)

where the boson φ is taken to be light or massless1. Such
couplings arise in Majoron-like models, viable examples
of which have been discussed in Ref. [24]. Recently, these
models have been investigated in the context of late-time
phase transitions, whereby the neutrinos acquire their
masses via a symmetry breaking phase transition at a
low scale, which occurs late in the history of the universe
[19, 25]. In order to be as model independent as possi-
ble, we assume the new couplings are fixed independently
of the neutrino mass. We also make no distinction be-
tween g or h type couplings, nor between neutrinos and
antineutrinos.

Existing bounds on these new couplings are extremely
weak. For example, the solar neutrino [26] and meson

1 Couplings of neutrinos to new heavy bosons are tighty con-
strained [23].

ν φ

ν φ

ν ν

ν ν

ν

φ

ν

φ

ν

ν

ν

ν

ν
ν

φ

FIG. 1: The interactions that keep the neutrinos and the
scalar coupled. If the scalar is heavier than mν , the process
ν ↔ νφ is replaced by φ ↔ νν.

decay [27] limits are |g| ! 10−2. Neutrinoless double
beta decay sets a limit gee < 10−4 [28], but does not
constrain other elements of the coupling matrix gαβ.
Supernova constraints exclude a narrow (and model-
dependent) range of couplings around g ∼ 10−5 [29].
Even couplings which are much smaller than these limits
can have significant cosmological consequences.

For a massless φ boson, scalar couplings could medi-
ate long-range forces with possible cosmological conse-
quences [30, 31], while pseudo-scalar couplings mediate
spin-dependent long-range forces, which have no net ef-
fect on an unpolarized medium2. However, if the φ boson
has even a tiny mass H0 ≪ mφ ≪ 1 eV the interaction is
short ranged and insignificant over cosmological distance
scales.

The φ boson can be brought into thermal equilibrium
through its coupling to the neutrinos, and the ν − φ sys-
tem may stay in thermal contact until late times. The
processes involved, shown in Figure 1, are νφ ↔ νφ,
νν ↔ φφ, νν ↔ νν, and either ν ↔ νφ or νν ↔ φ,
depending on whether the scalar mass, mφ, is smaller or
larger than the neutrino mass, mν

3. For sufficiently large
couplings, the ν–φ system will remain in thermal contact
until the temperature drops below mν or mφ. At this
point the heavier of the two particles will annihilate or
decay.

The possibility of altering the relativistic energy den-
sity through neutrino decay has been considered in [33]4,

2 For pseudo-scalar couplings, two-boson exchange can mediate
extremely weak spin-independent forces [32].

3 We set all three neutrino species to a common mass mν , with

mν ≫

!

δm2
sol

,
!

δm2
atm . When this approximation does not

hold, the effects of neutrino mass are negligible in present cos-
mological data.

4 See also, Ref. [34], which studies the case of a scalar boson de-
caying into neutrinos, thus distorting the usual thermal neutrino
distribution. Related scenarios, in which hot dark matter is pro-
duced by the decay of heavier particles, are examined in Ref. [35].
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] and constraints were placed on the phenomenological
parameters ce↵ and cvis, the rest-frame sound speed and
the viscosity parameter of the neutrino fluid respectively.
These analysis found consistency with the free-streaming
limit. However, by modeling these parameters as con-
stant throughout the history of the Universe they could
not capture the realistic physics of neutrino decoupling.
We incorporate here the physics necessary to follow in
detail the dynamics of the transition of neutrinos from
a tightly-coupled fluid to particles free-streaming across
the Universe.

NEUTRINO INTERACTIONS In addition to
their regular SM interactions, we assume that all of
the neutrinos have non-negligible self-interactions due to
their interaction with a new heavy mediator X. We take
X to be a singlet under all SM interactions and assume
that it only interacts with neutrinos through a coupling
constant gX . When the temperature of the neutrinos
falls significantly below the mediator mass, one can inte-
grate out the heavy mediator and model the interaction
as a four-fermion vertex controlled by a dimensionfull
coupling constant G⌫ / g

2
⌫/M

2
X . In this scenario, the

possible emission of X particle by neutrinos in the fi-
nal state of kaon and W decay leads to upper bounds
on the value of g⌫ . For a vector boson, we must have
g⌫ < 8 ⇥ 10�5(MX/MeV) [? ], while for a scalar X

we have g⌫ < 0.014 (90%-C.L.) [? ]. In comparison,
SN1987A places a much weaker constraint on neutrino
self-interaction, leading to G⌫ . 144MeV�2 [? ]. In the
following, we focus on the case where X is a scalar.

The key quantity characterizing the interactions in
the neutrino sector is the thermally-averaged neutrino
self-interaction cross section h�⌫iT⌫ ⌘ G

2
e↵T

2
⌫ , where all

the order unity numerical factors have been absorbed in
Ge↵ / G⌫ , and T⌫ is the temperature of the neutrino
bath. The X-mediated self-interactions render the neu-
trino medium opaque with an opacity ⌧̇⌫ = an⌫h�⌫iT⌫ ,
where n⌫ is the number density of neutrinos and a is
the scale factor describing the expansion of the Universe.
In this work, we focus our attention on the case where
G⌫ > GF, where GF is the Fermi constant. Therefore, it
is justified to neglect the contributions from electroweak
processes to the neutrino opacity.

The opacity of the neutrino medium e↵ectively defines
a neutrino visibility function given by f⌫(z) ⌘ �⌧̇⌫e

�⌧⌫ .
This visibility function can be thought of as a probabil-
ity density function for the redshift at which a neutrino
begins to free-stream. For neutrino self-interacting with
the cross section given above, the visibility function is
always sharply peaked with a nearly Gaussian shape ex-
cept for a long tail extending toward lower redshifts. We
plot the neutrino visibility function for di↵erent values of
Ge↵ in Fig. 1. We observe that the main e↵ect of neu-
trino self-interaction is to considerably delay the onset of
free-streaming.

EVOLUTION OF FLUCTUATIONS To deter-

FIG. 1: Visibility function for self-interacting neutrinos for
di↵erent values of the e↵ective coupling constant Ge↵ . Here,
we assume three neutrinos species. Note that that some of
the visibility functions have been rescale to fit in the frame.

z = 5 ¥ 107

Geff = 10-4 MeV-2
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FIG. 2: Evolution of neutrino and photon fluctuations in
configuration space for both self-interacting neutrinos (blue
solid line) and standard free-streaming neutrinos (black dash-
dotted line). Here we have adopted a Planck cosmology [? ].
The phase shift and amplitude suppression of the photon fluc-
tuation associated with free-streaming neutrinos are readily
noticeable.

mine the impact of neutrino self-interaction on cos-
mological observables, we evolve the neutrino fluctua-
tion equations from their early tightly-coupled stage to
their late-time free-streaming solution. By prohibiting
free-streaming, neutrino self-interaction severely damps
the growth of anisotropic stress associated with the
quadrupole and higher moments of the neutrino distribu-
tion function. Indeed, while the equations for the density
and velocity fluctuations of the neutrinos are una↵ected
by the self-interaction, the moments with l � 2 are cor-
rected by a damping term proportional to ⌧̇⌫ which ef-
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One assumption that is rarely challenged is the free-
streaming nature of cosmological neutrinos (for excep-
tions, see [? ? ? ? ? ? ? ]). Within the standard model
this assumption is justified since SM neutrinos are ex-
pected to have decoupled from the primeval plasma in the
very early Universe at a temperature T ' 1 MeV. Yet,
this assumption is not a priori driven by any cosmolog-
ical observations, but is the results of a particle-physics
prior on the choice of cosmological models that we choose
to compare with data. Abandoning this prior allows us
to answer the important question: How does cosmologi-
cal data inform us about possible interactions in the neu-
trino sector? Free-streaming neutrinos create anisotropic
stress which, through gravity, alters the evolution of the
other particle species in the Universe [? ? ]. As cosmo-
logical fluctuations in the photon and baryon fluids are
particularly sensitive to the presence of a free-streaming
component during the radiation-dominated era, we ex-
pect the recent measurements of the CMB to provide a
strong constraint on the onset of neutrino free-streaming.

In this Letter, we compute the first purely cosmological
constraints on the strength of neutrino self-interactions.
In the following, we model the interaction as a four-
fermion vertex whose strength is controlled by a dimen-
sional constant, analogous to the Fermi constant, G⌫ . In
this scenario, the onset of neutrino free-streaming is de-
layed until the rate of these interactions fall below the
expansion rate of the Universe, hence a↵ecting the evo-
lution of cosmological fluctuations that enters the causal
horizon before that epoch. As we discuss below, the cos-
mological observables are compatible with a neutrino vis-
ibility function peaking at a temperature orders of mag-
nitude below that of the standard picture.

In earlier investigations of neutrino properties [? ?
? ? ? ? ], neutrinos were modeled as a fluid-like [?
] and constraints were placed on the phenomenological
parameters c

e↵

and c
vis

, the rest-frame sound speed and
the viscosity parameter of the neutrino fluid respectively.
These analysis found consistency with the free-streaming
limit. However, by modeling these parameters as con-
stant throughout the history of the Universe they could
not capture the realistic physics of neutrino decoupling.
We incorporate here the physics necessary to follow in

detail the dynamics of the transition of neutrinos from
a tightly-coupled fluid to particles free-streaming across
the Universe.
NEUTRINO INTERACTIONS In addition to

their regular SM interactions, we assume that all of
the neutrinos have non-negligible self-interactions due to
their interaction with a new heavy mediator X. We take
X to be a singlet under all SM interactions and assume
that it only interacts with neutrinos through a coupling
constant gX . When the temperature of the neutrinos
falls significantly below the mediator mass, one can inte-
grate out the heavy mediator and model the interaction
as a four-fermion vertex controlled by a dimensionfull
coupling constant G⌫ / g2⌫/M

2

X . In this scenario, the
possible emission of X particle by neutrinos in the fi-
nal state of kaon and W decay leads to upper bounds
on the value of g⌫ . For a vector boson, we must have
g⌫ < 8 ⇥ 10�5(MX/MeV) [? ], while for a scalar X
we have g⌫ < 0.014 (90%-C.L.) [? ]. In comparison,
SN1987A places a much weaker constraint on neutrino
self-interaction, leading to G⌫ . 144MeV�2 [? ]. In the
following, we focus on the case where X is a scalar.
The key quantity characterizing the interactions in

the neutrino sector is the thermally-averaged neutrino
self-interaction cross section h�⌫iT⌫ ⌘ G2

e↵

T 2

⌫ , where all
the order unity numerical factors have been absorbed in
G

e↵

/ G⌫ , and T⌫ is the temperature of the neutrino
bath. The X-mediated self-interactions render the neu-
trino medium opaque with an opacity ⌧̇⌫ = an⌫h�⌫iT⌫ ,
where n⌫ is the number density of neutrinos and a is
the scale factor describing the expansion of the Universe.
In this work, we focus our attention on the case where
G⌫ > G

F

, where G
F

is the Fermi constant. Therefore, it
is justified to neglect the contributions from electroweak
processes to the neutrino opacity.
The opacity of the neutrino medium e↵ectively defines

a neutrino visibility function given by f⌫(z) ⌘ �⌧̇⌫e�⌧⌫ .
This visibility function can be thought of as a probabil-
ity density function for the redshift at which a neutrino
begins to free-stream. For neutrino self-interacting with
the cross section given above, the visibility function is
always sharply peaked with a nearly Gaussian shape ex-
cept for a long tail extending toward lower redshifts. We
plot the neutrino visibility function for di↵erent values of
G

e↵

in Fig. 1. We observe that the main e↵ect of neu-
trino self-interaction is to considerably delay the onset of
free-streaming.
EVOLUTION OF FLUCTUATIONS To deter-

mine the impact of neutrino self-interaction on cos-
mological observables, we evolve the neutrino fluctua-
tion equations from their early tightly-coupled stage to
their late-time free-streaming solution. By prohibiting
free-streaming, neutrino self-interaction severely damps
the growth of anisotropic stress associated with the
quadrupole and higher moments of the neutrino distribu-
tion function. Indeed, while the equations for the density

Low Energy

Beyond Free-streaming Neutrinos

See e.g. Cherry, Friedland & Shoemaker (2014), 
Ng & Beacom (2014), Blinov et al. (2019)

2

excluded by laboratory searches for rare K decays
and for neutrinoless double-beta decay, except for
a small island for the ⌫µ coupling. This means
that the mass-eigenstate neutrinos only interact via
their ⌫⌧ components.

This work is organized as follows: Sec. II demonstrates
that a light new particle is required to generate the in-
teraction in Eq. (1) with appropriate coupling strength;
Sec. III presents the cosmological bounds on this sce-
nario; Sec. IV discusses the corresponding laboratory
constraints; Sec. V shows how Eq. (1) can arise in UV
complete models; finally, Sec. VI o↵ers some concluding
remarks.

II. THE NECESSITY OF A LIGHT MEDIATOR

The Boltzmann equations used in Refs. [18–20, 22]
assume that left-handed (LH), mass-eigenstate neutri-
nos participate in elastic 2 ! 2 scattering processes.
They also assume that the interactions in Eq. (1) in-
volve constant and flavor-universal values of Ge↵ during
all epochs relevant for the CMB. The largest CMB mul-
tipoles observed by Planck correspond to modes that en-
tered the horizon when the universe had a temperature
of < 100 eV.This temperature sets the characteristic en-
ergy scale of scattering reactions during this epoch, and
it is important that the form of the Lagrangian shown in
Eq. (1) is valid in this regime. At higher energies, how-
ever, this description can break down. In this section, we
therefore emphasize the need to introduce new particle
content to study laboratory and early universe processes
that occur at energies ⇠ O(MeV).

As noted in Refs. [17–20], the operator in Eq. (1) is
non-renormalizable, and thus is necessarily replaced by
a di↵erent interaction with new degree(s) of freedom at
some energy scale higher than the energies probed by the
CMB (see Ref. [23] for a review). Since Ge↵ in Eq. (1) is
momentum-independent, we will assume this interaction
arises from “integrating out” a particle � with mass m�

and a perturbative coupling to neutrinos g�:

Lphen � �1

2
m2

��2 +
1

2
(g↵�

� ⌫↵⌫�� + h.c.), (3)

where ⌫↵ are two-component left-handed neutrinos, ↵
and � are flavor indices and the subscript “phen” indi-
cates that we will use this Lagrangian for our phenomeno-
logical analysis. In Eq. (3) we have assumed that � is a
real scalar without loss of essential generality. In par-
ticular, our conclusions remain una↵ected if � is a CP-
odd or complex scalar. We focus on a scalar mediator
here for clarity; introducing a new vector force instead,
for example, follows the same reasoning but comes with
additional, stronger constraints discussed in more detail
below. We also explicitly allow for generic couplings g↵�

�
between di↵erent neutrino species, and discuss implica-
tions of di↵erent choices of g↵�

� below.

q ⌧ m�

Ge↵

⌫ ⌫ ⌫

⌫

⌫

⌫ ⌫ ⌫

g� g�

�

FIG. 1. Cartoon for how renormalizable interactions in
Eq. (3) (left diagram) yield the contact interaction in Eq. (1)
(right diagram) at low energies; flavor indices are suppressed.

Using Eq. (3), we see that the ⌫⌫ ! ⌫⌫ scattering
amplitude M is always proportional to two powers of g�

multiplying the � propagator, as shown schematically in
Fig. 1. If the momentum transfer q satisfies |q2| ⌧ m2

�,
we have

M / g2
�

m2
� � q2

! Ge↵

 
1 +

q2

m2
�

+ · · ·
!

, (4)

where we have suppressed flavor indices and defined

Ge↵ ' g2
�

m2
�

= (10 MeV)�2
⇣ g�

10�1

⌘2
✓
MeV

m�

◆2

. (5)

In the opposite limit, m2
� ⌧ |q2|, then M / g2

�/|q2|,
leading to a qualitatively di↵erent energy and tempera-
ture dependence of neutrino self-interactions; this regime
was investigated in Refs. [24, 25], which found no im-
provement in the H0 tension. Thus, for the remainder
of this work we focus on models in which m2

� � |q2|
at energy scales relevant to the CMB. The intermediate
regime, where the mediator mass is negligible for some
CMB wave-numbers and not for others, is beyond the
scope of this work. We therefore require a new degree of
freedom with m2

� � |q2|.
Throughout this cosmological epoch the neutrinos are

relativistic, so the typical momentum transfer is |q2| ⇠
T 2

⌫ . Therefore, the expansion indicated by the arrow in
Eq. (4) is valid (and we may neglect the momentum- and,
hence, temperature-dependence in Ge↵) only if m� � T⌫ .
Comparing the values in Eq. (2) to the expression for Ge↵

in Eq. (5), we see that

m� ' (4 � 200) ⇥ |g�|MeV , (6)

so a new sub-GeV state is generically required to realize
the self-interacting-neutrino solution to the H0 tension.
Since T⌫ < 100 eV at horizon entry of the highest mo-
mentum modes relevant for CMB anisotropies, the valid-
ity of the e↵ective interaction in Eq. (1) in the analyses of
Refs. [17–20, 22] requires m� & keV (as already pointed
out in Ref. [20]). From Eq. (6), this condition translates
to

m� & keV =) |g�| & 10�4 . (7)

Eqs. (6) and (7) bound the range of m�.
Finally, we note that the interaction in Eq. (3) is not

gauge-invariant at energies above the scale of electroweak

Cyr-Racine & Sigurdson
(2014)
Oldengott et al. (2015)
Lancaster, Cyr-Racine, et 
al. (2017)
Oldengott et al. (2017)
Kreisch, Cyr-Racine, & 
Doré (2019)
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FIG. 1: E↵ects of
P

m⌫ , Ge↵ , and Ne↵ on the phase and amplitude of the TT and EE power spectra. Colors denote
di↵erent values of Ge↵ . Solid spectra correspond to

P
m⌫ = 0.06 eV and dashed spectra correspond toP

m⌫ = 0.23 eV. Measurements from the Planck 2015 data release are included [109].
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1 + Ne↵
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⇢� , (13)

where ⇢R and ⇢� are the total energy density in radiation
and in photons, respectively. The e↵ects on the CMB of
increasing Ne↵ have been well-studied in the literature
(see e.g. Ref. [117]) for the case of free-streaming neutri-
nos. For fixed values of the angular scale of the sound
horizon, the epoch of matter-radiation equality, and the
physical baryon abundance, it was found that the most
important net impact of increasing Ne↵ was to damp the
high-` tail of the TT spectrum and to induce a phase
shift towards larger scales (low-`). Interestingly, self-
interacting neutrinos can partially compensate for these

e↵ects, hence pointing to a possible degeneracy between
Ge↵ and Ne↵ . An example of this can be seen in the
dotted red line in the lower left panel of Fig. 1, where
the excess of damping caused by Ne↵ = 4.046 (dotted
black line) is compensated by suppressing neutrino free-
streaming with Ge↵ = 10�2 MeV�2.

Ge↵ a↵ects the EE polarization power spectrum in a
similar manner as the temperature spectrum. The right
panel of Fig. 1 shows that the phase shift between the
standard ⇤CDM model and that with self-interacting
neutrinos is more visible in this case due to the sharp, well
defined peaks of the polarization spectrum [113]. This
allows to directly see in which direction the spectrum is
shifted compared to ⇤CDM since the oscillations in the
residuals lean in the direction of the phase shift, that is,
there is a sharper drop o↵ in the residuals in the direction

6

Planck 2015Planck 2015

FIG. 1: E↵ects of
P

m⌫ , Ge↵ , and Ne↵ on the phase and amplitude of the TT and EE power spectra. Colors denote
di↵erent values of Ge↵ . Solid spectra correspond to

P
m⌫ = 0.06 eV and dashed spectra correspond toP

m⌫ = 0.23 eV. Measurements from the Planck 2015 data release are included [109].

Ne↵ , defined via the relation

⇢R =

"
1 + Ne↵

7

8

✓
4

11

◆4/3
#

⇢� , (13)

where ⇢R and ⇢� are the total energy density in radiation
and in photons, respectively. The e↵ects on the CMB of
increasing Ne↵ have been well-studied in the literature
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important net impact of increasing Ne↵ was to damp the
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Ge↵ and Ne↵ . An example of this can be seen in the
dotted red line in the lower left panel of Fig. 1, where
the excess of damping caused by Ne↵ = 4.046 (dotted
black line) is compensated by suppressing neutrino free-
streaming with Ge↵ = 10�2 MeV�2.

Ge↵ a↵ects the EE polarization power spectrum in a
similar manner as the temperature spectrum. The right
panel of Fig. 1 shows that the phase shift between the
standard ⇤CDM model and that with self-interacting
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Another possibility: Localized energy 
injection

Karwal & Kamionkowski, 2016
Poulin et al. (2018,2019)
Agrawal, FYCR, Pinner, Randall 
(2019)
Lin et al. (2019)
Smith, Poulin & Amin (2019)

• Need energy injection around matter-radiation equality.
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Planck 2018 model comparison
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General lesson #1 
• The epoch between z = 103 and 104 seems to be key in addressing 

the current tensions. Is matter-radiation more involved than we 
think? Is this related to the ℓ𝓁 < 800 vs ℓ𝓁 > 800 discrepancy?

Neutrino 
decoupling
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General lesson #2 
• Adding energy before recombination always require a larger dark 

matter density and a larger scalar spectral index. 
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General lesson #3: Finding a satisfactory 
particle model is challenging

See also Ng & Beacom (2014) and Arcadi et al. (2018)
Blinov et al. (2019)
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• It appears highly nontrivial to obtain the right potential 
shape (fine-tuning, breaking of perturbation theory, 
sensitivity to UV corrections)

General lesson #3: Finding a satisfactory 
particle model is challenging
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Take Home Messages

• As precision increases, cracks might be appearing 
in the standard cosmological model.

• We have yet to identify a complete solution that is 
palatable to both cosmologists and particle 
physicists, but have found important clues about 
what a successful model would look like. 

Thank you!


