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Motivation

massless neutrinos é observation of neutrino oscillations

— Models of neutrino mass generation, “Majoron models*

Lint = QijVivj¢ + Dijlivsv;o

— non-standard neutrino interactions ', ., ~ GgHTE’
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Neutrino Boltzmann hierarchy

Impact on the CMB described by Boltzmann hierarchy for interacting neutrinos

:

... What's that...???

—> Cosmic perturbation theory

Small fluctuations from inflation are the seeds for the structures observed today

1.)Perturbed Einstein equation: G 0G0 —"8m G(Tu,y + (5T,W)

2.)Perturbed Boltzmann equations:

Perturbed phase-space density: f(k, q, 77) = f(q) (1 + \If(k, q, 77))
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Neutrino Boltzmann hierarchy

Apply on all relevant interacting non-interacting
: : relativistic photons neutrinos?
particle species:
non-relativistic | baryons CDM

Decompose phase-space perturbation into Legendre polynomials:

Uk, lal,k-q) = > (=) (20 + 1)Pe(|k], |a) Pe(k - §)
£=0

- Taking moments: / d(k - §)Py(k - §) [Boltzmann eq_.]
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— Neutrino Boltzmann hierarchy:
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State of the Art

How to include neutrino interactions?

1.) Relaxation time approximation:

: 8 3 4 . 8.
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F. Cyr-Racine, K. Sigurdson, arXiv:1306.1536
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State of the Art
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General expected signal

suppression of free-streaming
— enhancement of neutrino monopole/energy density
— enhancement of temperature anisotropies
le—10

i —— standard i

i — no free-streaming | _

500 1000 1500 2000 2500
¢



Results

Exact description of interacting neutrinos needs calculation of the

_[res™
a or coll

collision integral.
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difference to photon case: Thomson scattering = low energy transfer
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Results
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« momentum-dependence reflects non-negligible energy transfer
e formally very different from other approaches

— implement in Boltzmann code CLASS




Results

1.)
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Results

1.)
Relaxation
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approximation

2.)
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e Relaxation time approximation entirely sufficient.

. (Cgﬂc, c\zfis) -parameterisation should not be used!



Results

MCMC results (using the relaxation time approximation)
Sy

Compare with 1.00

Interacting

neutrino mode!
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Conclusions

Summary:

Majoron models = non-standard neutrino interactions — impact on the CMB?
> Calculated the Boltzmann hierarchy for interacting neutrinos

> Implemented it in CLASS

Conclusions:

e Boltzmann hierarchy has formally a much richer structure than approximations by others
e ... but relaxation time approximation is an excellent effective description

2 2 . . . . . .
. (c S Cvis) -parameterisation does not describe neutrino interactions

e MCMC: there is an interacting neutrino mode!
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Conclusions

Summary:

Majoron models = non-standard neutrino interactions — impact on the CMB?
> Calculated the Boltzmann hierarchy for interacting neutrinos

> Implemented it in CLASS

Conclusions:

e Boltzmann hierarchy has formally a much richer structure than approximations by others
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Backup: Massive vs. Massless scalar

—

evolution rates [eV
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Backup: Massive vs. Massless scalar

massive case:

| .
VU &S VU | only neutrino
|
I
self-interactions
p p’
.
VU 45 OO :
o
.
VO <5 VO -

massless case:

need to include new hierarchy for scalar particle as well

recoupling — already at background level out of equilibrium



Backup: Conservation laws

1

Ugly integral kernels...: K"(|q|,|d]) = / dcos8 K™(|ql, |q'|, cos 0) Py(cos )
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Backup: Numerical complications

Numerical Problems...

k Discretized Boltzmann hierarchy

Wesa(g) = g [0e-1(@) = (4 1) Peia(q) -
- i??aquf,o Wy(q) +G™ / g’ 2- ]?('@ K. d) F)Ved) Vo = Gy + Z My ;i Wy ;

J

Homogenous solution: \IJZ — E Ck VkeA’;T\
Exponential growth for positive eigenvalues!

107 Solution:
S 10-11 .
E 1) Calculate eigenvalues
=
a0 102 2) Set positive eigenvalues to zero
L
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20 3) Obtain corrected scattering matrix
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_ _ 4) Run code only for sufficiently large Gmax
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Backup: Tightly coupled limit

100,
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Backup: Perturbations
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