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Standard vs non-standard…
• “Standard” = neutrino mass bounds, effective number of light d.o.f.
• See Lloyd Knox’s talk

• “Non-standard” = this talk
•
•
•
•
•

Thermalisation of SBL-inspired eV-mass sterile neutrinos
Neutrino self-interaction and its relation to the Hubble tension
(Neutrino decay)
(Neutrino-dark matter interaction)
(Neutrino-dark energy interaction)
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Thermalisation of light sterile
neutrinos…
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Cosmology of light sterile neutrinos…
• A 30-year-old subject.
• What are the implications of ∆𝒎𝟐𝐒𝐁𝐋 ~𝑶 𝐞𝐕 𝟐 + 𝐬𝐢𝐧 𝟐𝜽 ~𝟏𝟎%𝟐 for
• Big bang nucleosynthesis (helium-4 and deuterium abundances)
• CMB anisotropies and large-scale structure

• Phenomenologically equivalent to ∑ 𝑚& and 𝑁'(( .
• Which are well-understood.
• The game is to link 𝜟𝒎𝟐𝐒𝐁𝐋 , 𝐬𝐢𝐧 𝟐𝜽 to ∑ 𝒎𝝂 , 𝑵𝒆𝒇𝒇 → thermalisation
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Nucleosynthesis

Light sterile neutrino thermalisation
(T ~ 1 – 100 MeV)
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Tracking sterile thermalisation…
• Theoretical framework laid down almost 30 years ago
• Quantum Kinetic Equations:
Neutrino density matrix

1/2
Sigl & Raffelt 1993;
McKellar & Thomson 1994

Collisions (non-unitary evolution)

𝜕𝜌
= −𝑖 𝐻, 𝜌 + 𝐼[𝜌]
𝜕𝑡

Oscillation Hamiltonian incl. matter effects

• Recent developments:
• Non-equilibrium QFT formulation Vlasenko, Fuller & Cirigliano 2013
• Improved numerical implementations (+ speed):
• Averaged momentum vs full momentum
Hannestad, Hansen, Tram & Y3W 2015
• Damping vs full collision integral
• 1 active + 1 sterile vs 3 active + 1 sterile Gariazzo, de Salas & Pastor 2019

• Publicly available solver packages: LASAGNA (1+1), FortEPiaNO (3+3)
Hannestad, Hansen & Tram 2013 Gariazzo, de Salas & Pastor 2019
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Tracking sterile thermalisation…
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• 3+1 light sterile thermalisation computed using FortEPiaNO
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Increase mixing

,
• 𝑁'(( increases with 𝛥𝑚)*+
and mixing.

Gariazzo, de Salas & Pastor 2019

Constraints on oscillation parameters…
,
• Consistent 3+1 fit to CMB+BAO data 𝑚- , Δ𝑚., 𝑈/. , 𝑈0. , 𝑈1. :
IceCube, MINOS+
95%

68%
Allowed by
CMB+BAO
Hagstotz et al. 2020

• Same old message: thermalised SBL steriles are at odds with cosmology.
• But good to have consistently derived constraints on oscillation parameter space.
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Caveat…
• Cosmological constraints on light steriles hinge on the assumption of a largely
standard thermal history (SM extended with one light sterile):
→ In which case, light sterile thermalisation is inevitable.

• If some new physics prevents sterile states from being produced in the early
universe, then there is no cosmic sterile neutrino population and precision
cosmological data cannot constrain what is not there.
• Some more or less explored ideas (≠ guaranteed to work):
•
•
•
•

Large lepton asymmetry
Low reheating temperature
Entropy production
Secret interactions

Foot & Volkas 1995
Gelmini, Palomares-Ruiz & Pascoli 2004
Ho & Scherrer 2013
Bento & Berezhiani 2001; Dasgupta & Kopp 2014
Hannestad, Hansen & Tram 2014; Cherry, Friedland & Shoemaker 2016
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Sterile neutrino secret interaction…
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• The idea is to endow the sterile state alone with a self-interaction.
• The self-interaction generates a matter potential 𝑽𝒎 that suppresses the
effective mixing of the sterile and active states before neutrino decoupling.
Vacuum mixing

Effective
mixing

) 2𝜃
sin
+
sin) 2𝜃* =
2𝐸
cos ) 2𝜃+ +
𝑉* + sin) 2𝜃+
)
Δ𝑚

• Two classes of interactions investigated:
Later
Here

• Massless pseudoscalar:
• MeV-mass vector:

Large

ℒ234 = 𝑔𝜙𝜈.̅ 𝛾7 𝜈.
0

Keeps 𝑁'(( at 3

ℒ234 = 𝑔𝜈5̅ 𝛾 𝑃6 𝜈5 𝑋0

Hannestad, Hansen & Tram 2014
Archidiacono et al. 2015, 2016
Dasgupta & Kopp 2014
Chu, Dasgupta & Kopp 2015
Saviano et al. 2014; Mirrizi et al. 2015
Chu et al. 2018
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Sterile neutrino secret interaction…
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• The massive vector boson scenario
Dasgupta & Kopp 2014; Chu, Dasgupta & Kopp 2015
Saviano et al. 2014; Mirrizi et al. 2015;
Cherry, Friedland & Shoemaker 2016; Chu et al. 2018

• The latest word on this:
• The vanilla version cannot reconcile
SBL steriles with cosmology.
• Blue = Satisfies 𝑁,-- constraints, but
violates ∑ 𝑚. bounds because of
late-time active/sterile equilibration
due to the same ℒ/01 .
More on
this later

• Pink = Likely incompatible CMB
constraints on self-interaction.

Forastieri et al. 2017

Chu, Dasgupta, Dentler, Kopp & Saviano 2018
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Half-time take-home message…
• Modifying standard thermal history via extending SM by one light
sterile neutrino leads to thermalisation of the sterile state
• The SBL sterile neutrino is, in this case, incompatible with cosmological data.

• Using new physics to prevent sterile production is a difficult business.
• A number of scenarios proposed and explored; none is totally foolproof.
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Neutrino self-interaction and its
relation to the Hubble tension…

13

Neutrino self-interaction and the CMB… 1/2
• Basic premise is:
• Free-streaming in a spatially inhomogeneous background induces shear stress.
• Conversely, scattering tends to isotropise a phase space element.
Free-streaming case
Peak
Trough
Peak
Trough

Scattering case

Sinusoidal
gravitational
potential

Scattering transfers
momentum and
wipes out shear

Peak

• Observable consequences in the CMB when neutrinos are ultrarelativistic and form a substantial fraction of universe’s energy density.
14

Nucleosynthesis

Neutrino self-interaction observable
in CMB anisotropies
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Neutrino self-interaction and the CMB… 2/2
• That CMB prefers free-streaming to interacting neutrinos is well known.
Interacting

Free-streaming
Hannestad 2005

Trotta & Melchiorri 2005

• The tricky bit is mapping the isotropisation rate to the fundamental
parameters of the interaction, if constraining these parameters is the goal.
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Tracking self-interaction in CMB calculations…
• Exact Boltzmann hierarchies exist for 𝜙-mediated 2-to-2 scattering in two limits:
• 4-fermi
• Light mediator (relative to plasma temperature, T ~ eV)

ℒ234 = 𝑔𝜙𝜈𝜈
̅
Oldengott, Rampf & Y3W 2015

• 4-fermi is a decoupling scenario:

• Delay neutrino decoupling to CMB temperatures (T ~ 0.2-1 eV).
• Close-to-equilibrium system: easy to approximate
• Fairly model-independent.

Cyr-Racine & Sigurdson 2014
Lancaster, Cyr-Racine, Knox & Pan 2017
Oldengott, Tram, Rampf & Y3W 2017
Kreisch, Cyr-Racine & Dore 2019

• Light-mediator is a recoupling scenario:
•
•
•
•

Far-from-equilibrium system
Model-dependent (pre-existing 𝜙?)
2-body decay and inverse decay also fall into this category.
Most analyses in this limit just assume isotropisation is complete.

Weak~ 𝐺!" 𝑇#
𝐻~𝑇" /𝑀%&
Self~ 𝑔$ 𝑇
Recoupling

Weak
decoupling

Temp.
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Self-interaction and the H0 tension…

1/3

Kreisch, Cyr-Racine & Dore 2019

• Recent claim that self-interaction alleviates the Hubble tension.
• Local/late time: Cepheid-calibrated SNIa (SH0ES) and strong-lensing time
delays (H0liCOW); 𝐻+ = (73.5 ± 1.4) km/s/Mpc
• Global/early time: Statistical inference from CMB anisotropies (Planck), weak
lensing, BAO; 𝐻+ = (67.4 ± 0.5) km/s/Mpc
Global

• Does it?

Local

This island:
𝐺!"" ~ 10#$𝐺%
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Self-interaction and the H0 tension…
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CMB=TT+TE+EE

M1

• Self-interaction alone does
shift the inferred H0 up (left).

M2

log!" (𝐺#$$ MeV)

• But need a large Neff as well to
substantially lift H0 (right).

log!" (𝐺#$$ MeV)

• Even then, TT+BAO and
TT+TE+EE+BAO alone do not
prefer a large H0 (blue, green)
• TT+BAO only prefers high H0
when combined with a local
measurement HST (orange)
• Polarisation “kills” it anyway:
TT+TE+EE+BAO fit settles in a
compromise region (red).

𝐻" [km/s/Mpc]

𝐻" [km/s/Mpc]

ΛCDM+self-interaction

ΛCDM+self-interaction+Neff

Oldengott, Tram, Rampf & Y3W 2017
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Self-interaction and the H0 tension…
ΛCDM+self-int
log!" (𝐺#$$ MeV)
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CMB=TT+TE+EE

Compare with
ΛCDM+Neff fit:

𝐻" [km/s/Mpc]

𝑁!"" = 3.27 ± 0.15
𝐻$ = 69.32 ± 0.97
km/s/Mpc

ΛCDM+self-int+Neff

TT+TE+EE+lowE+lensing
+BAO+R18

log!" (𝐺#$$ MeV)

Aghanim et al. 2018

𝐻" [km/s/Mpc]

Oldengott, Tram, Rampf & Y3W 2017

Self-interaction
offers no better a
solution than Neff.
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… which brings me back to…
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Sterile 𝜈 secret interaction: Take 2…

1/3

• The massless pseudoscalar scenario
ℒ234 = 𝑔𝜙𝜈.̅ 𝛾7 𝜈.
• More a motivation than a concrete model.
• Coupling 1023 < 𝑔 < 1024 (to avoid stellar energy loss bounds)
• Crucial feature: coupling allows some unspecified amount Δ𝑁,-- of sterile
neutrinos to be produced and to annihilate into massless pseudoscalar pairs and
back around CMB times.
• For CMB phenomenology, this is a scenario of:
• 3 free-streaming active neutrinos
• Δ𝑁,-- of relativistic energy density in a strongly-interacting sterile neutrinopseudoscalar fluid.
Archidiacono, Gariazzo, Giunti, Hannestad & Tram 2020
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Sterile 𝜈 secret interaction: Take 2…
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• The claim is that the scenario reconciles SBL sterile and H0 tension.
R19 = Local H0

Where’s BAO??
Archidiacono, Gariazzo, Giunti, Hannestad & Tram 2020
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Sterile 𝜈 secret interaction: Take 2…
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• Not a good fit to
the CMB data.
• But a marginally
less poor fit to
TT+TE+EE+R19
than vanilla ΛCDM.

Archidiacono, Gariazzo, Giunti, Hannestad & Tram 2020
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Conclusions…
• SBL-inspired light sterile neutrinos continue to be difficult to
accommodate in cosmology.
• Standard scenario: sterile neutrino thermalisation inevitable
• New physics scenarios proposed so far largely do not work as intended upon
close scrutiny.

• Neutrino self-interaction as a solution to the H0 tension is doubtful.
• Superficial agreement between local measurement and global inference of
H0 can be achieved only if you cherry-pick your data sets.
• Even then the fits are far from good.
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