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Massive neutrinos in the unlensed CMB
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Neutrinos with Y~ m, < 1.6 eV are still relativistic at
recombination (favoured by WMAPT).

Primary effect is on the background expansion rather than the
perturbations.

Dependence through angular diameter distance to
recombination, late and early ISW effect.

In flat models, angular diameter distance dependence is
degenerate with Hubble constant Hy and dark energy equation
of state w.

Similar arguments apply to polarisation EE and TE spectra.
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Neutrinos in the unlensed CMB
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Neutrinos in the unlensed CMB
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Weak lensing of the CMB

@ CMB photons deflected by structure along the line of sight.
Typical deflection angle ~ 2 arcmin.

@ Deflections correlated over the angular size of the potentials,
~ 2°

@ Zero deflection on average, but non-zero variance. ‘Smearing’
of CMB acoustic peaks.

dd dk X X / ) ! . !/
Cd ~ % ) dx | dx’ P(ki xo — x> xo — X )W (ki x, x')

(Lewis & Challinor 2006)



Introduction
(o] le}

Massive neutrinos in the CMB weak lensing signal

@ Neutrinos cannot cluster on scales smaller than their proper
Jeans length, Ags(t; m,), a function of the individual masses,
not just the total mass.

@ Have maximum comoving free-streaming length given by
horizon size when each neutrino species goes non-relativstic.

@ Hence the neutrino species can never cluster on scales less
than this characteristic scale. Expect a damping of matter
fluctuations below this scale.

@ This scale is dependent on the individual masses. Large scale
structure thus carries information on the individual masses.
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Massive Neutrinos and Weak Lensing
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Neutrino Mass Hierarchies

@ Particle physics experiments suggest 3 active (i.e. interacting)
neutrino species.

@ Neutrino Oscillations - weak eigenstates not equal to mass
eigenstates.

@ Oscillation data require neutrinos to have mass. ‘Beyond
Standard Model" physics.

@ Oscillation data constrain only squared mass differences.
Individual masses unconstrained.

2 2 _ +0.61 —5a\/2
m; — m7 = 7.597 g5 x 107>eV
(Gonzalez-Garcia,

10.37
m3 — m3| = 2.41 To37 x 107 SeV? Maltoni & Salvado
2010)
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Neutrino Mass Hierarchies

@ Oscillation data imply light neutrinos are ordered in one of
two ‘hierarchies’:

m3 m2 /N
ml
mass
m2
m1l m3
Normal Inverted

Implies a minimum mass for each hierarchy.
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Hierarchical Neutrinos and Weak Lensing
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THE QUESTION

Can we determine which hierarchy is correct with future
cosmological probes, given the oscillation results?
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Forecast datasets

@ A post-Planck space-based CMB mission, the proposed
Cosmic Origins Explorer (COrE). Unlensed temperature,
polarisation, and weak lensing reconstruction.

Prior information from ‘geometric’ probes (free from bias,
non-linearities, redshift-space distortions):

@ BAO from the Baryon Oscillation Spectroscopic Survey
(BOSS), a part of SDSS-III.

@ Type la supernovae distance moduli from the Wide-Field
InfraRed Survey Telescope (WFIRST). 200 supernovae in each
of 8 redshift bins between z = 0.4 and z = 1.2, and 500
supernovae with z < 0.1.

@ 2% prior on the Hubble constant Hy
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MCMC Forecasts: Total Mass
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All Priors - Marginalised Constraints
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Marginalised Constraints

@ Future CMB probes will place upper limits on > m, of 0.136
eV (inverted) and 0.098 eV (normal).

@ When combined with ‘geometric’ priors these tighten to
> m, < 0.118 eV (inverted) and > m, < 0.080 eV (normal).
@ Tight constraints on (constant) dark energy equation of state
in flat models, —1 < w < —0.99.
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Which hierarchy?

@ Cosmology has a small sensitivity to individual masses.
@ Even with no sensitivity, have ‘lucky’ scenario.

@ Quantify sensitivity with Bayesian model selection.
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Bayesian Model Selection

@ What is the posterior probability for a model M given the
data D7
P(DIM)P(M)
P D) =
(MIp) = =255
@ The quantity P(D|M) is the Bayesian evidence, usually
ignored in parameter estimation.

@ For two competing models M and M/, take ratios of
evidences to get the ‘Bayes Factor':
5 P(OIM)
P(DIM)
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The Bayes Factor

@ B is the ratio of Bayesian evidences, equivalent to the ratio of
model posteriors for equal priors on the two models.
o Jeffreys' Scale - compute In B:
@ In B < 1 Not worth a mention
@ 1 < InB < 2.5 Substantial evdience
e 2.5 < InB < 5 Strong evidence
@ 5 < In B Decisive evidence
@ Generically, evidence ratio consists of a maximum likelihood
ratio and an ‘Occam Factor’, which penalises more
complicated models/models requiring fine-tuning which aren't
demanded by the data.
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Model Selection Results

@ No priors: In B = —1.08 for inverted over normal if the ‘true’
hierarchy is inverted i.e. no evidence for either hierarchy.

@ All priors: In B = +2.51, ‘strong’ evidence for the correct
hierarchy, although mainly driven by Occam Factor.

@ Even with the external datasets, probably have to rely on the
‘lucky’ scenario.
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Conclusions

o CMB sensitive to Y m,, but degenerate with Hp and w in flat
models.

o Large scale structure sensitive to individual masses.

@ Weak lensing of the CMB offers robust probe of structure and
geometry across cosmic time.

@ Neutrinos masses ordered in one of two hierarchies, potentially
distinguishable with cosmology.

@ Future probes (COrE, BOSS, WFIRST) rather insensitive to
the hierarchy. ‘Lucky’ scenario may be the only way.
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