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Take away message:
It should be possible to achieve
a 50 detection on the minimum
mass of the neutrino masses
with PFS/Euclid/DESI/LSST



History and properties
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First detection

Violation of Momentum Pauli Cowan & Reines
Violation of Spin (1930) (1956)

* Fundamental particles

* Neutral leptons Ul c | t

* N,=3 from Z boson decay dl s | b

* Very weak cross section

e Massless in the SM

Leptons Quarks

Force carriers




Neutrinos have mass!

Neutrino oscillations

(Neutrinos change flavor as they propagate)

Takaak1 KaJ 1ta and
Arthur B McDonald

“for the disc which shows that newtri

Nobelprlze.org



Neutrino masses: implications

* Physics beyond the standard model

* Cosmology

(neutrinos are the second most abundant particles in the Universe)



Neutrino masses: current status

What we know

0.06eV<)Ym, <69eV

Neutrino oscillations Tritium beta decay

Fundamental questions to be addressed

What is absolute scale of neutrinos masses?

What is the neutrino mass hierarchy?

Are neutrino masses Dirac or Majorana?

Is there CP violation in the leptonic sector?



The never ending travelers

~ 1 second
~5 hours
~ 4 years

~ 3M years
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Cosmic neutrino background
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Cosmic neutrino background: properties
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Cosmic neutrino background: energy fraction

Dark Energy Cold Dark Matter
68% 27%

Neutrinos
0.15% - 0.3%

H and He Stars Metals
4% 0.5% 0.03%
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Effects at linear order

Lesgourgues & Pastor, 2006

1. Modification of the Matter-Radiation equality time

2. Slow down the growth of CDM perturbations

10* £ i .
The Universe
the largest laboratory ever!
10° £ -
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Quest for neutrino masses

Palanque-Delabrouille et al. 2015

0.06eV<Im, <0.12eV i

Planck 2018
Laboratory Cosmology CMB+BAO + Lya/galaxy clustering
Forecasts:
1.01 -
Benson et al. 2014
L Planck+BOSS+SPT-3G
—~ 1.00 o(Zm,) ~ 0.058 eV
e
N—"
‘ﬁ FVN, Bull, Viel 2015
Q.T 0.99 1 Euclid + Planck + SKA1
~ o(Zm,) ~ 0.032 eV
/N
e
~—< 0.984 Obuljen, Castorina, FVN, Viel, 2017
R Euclid + CMB S4 + Ext HIRAX
o(Em,) ~ 0.023 eV
0974 —— 0.00eV
Font-Ribera, McDonald, et al. 2014
— 0.06eV DESI / Planck / Euclid / LSST
0.96 - e — o(Zm,) ~ [0.011-0.06] eV
1073 102 101 100

e 30 - 40



Quest for neutrino masses

Many different forecasts have shown that
upcoming surveys will measure the minimum
sum of the neutrino masses at

30 -40

1. Very accurate theory predictions: avoid biases

2. New and unique observables: robust 5c detection
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Non-linear neutrino effects

Simulations

Neutrino clustering Neutrino effects

 Halo mass function
* Halo/galaxy clustering
* Voids
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Neutrino clustering

Dark Matter Neutrino

a=0.02



Neutrino clustering

Neutrino Dark Matter

Blending Neutrino and Dark Matter Cropping Neutrino and Dark Matter




Neutrino clustering

FVN, Miralda-Escude, Pena-Garay, Quilis, 2011
FVN, Bird, Pefia-Garay, Viel, 2013

[e))

10

-6 -4 =2 0 2 4 6 -6—4-2_10246
h™! Mpc h = Mpc

Fr,~1073 - 0.3 eV

My = Mcpy + My +33E,



Non-linear effects

~N

Neutrino clustering

Neutrino effects

 Halo mass function
* Halo/galaxy clustering
* Voids



Neutrino effects I: halo mass function
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P(k) [h"Mpc’]

107
k [hMpc !

Neutrino effects I: halo mass function

M?*dn/dM [h*M , Mpc ]

0% 1w 108

Mh' M,



Neutrino effects I: halo mass function

Ichiki & Takada 2011
Castorina, Sefussati, Sheth, FVN, Viel 2013
Costanzi, FVN, Viel, Xia, Borgani, Castorina, Sefusatti, 2013

dn(M, z)
dM — f(‘le 'Qb; h; ng, 0g, MV)
dn(M, z)
dM = 9gM, pn(2), Pn(k,2)) g is an Universal function

What about massive neutrino cosmologies?

. NM% 0., Mﬂﬂc)

e CDM prescription P Peam B, (k)= F,,, (k)

Universality extended to massive neutrino cosmologies



Neutrino effects 11: halo clustering
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Neutrino effects 11: halo clustering

FVN, Marulli, Viel, Branchini, Castorina, Sefusatti, Saito 2013
Castorina, Sefusatti, Sheth, FVN, Viel 2013

Chiang, Hu, Li, LoVerde 2018

Chiang, LoVerde, FVN, 2018
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Neutrino effects 11: halo clustering

FVN, Marulli, Viel, Branchini, Castorina, Sefusatti, Saito 2013

Castorina, Sefusatti, Sheth, FVN, Viel 2013
Chiang, Hu, Li, LoVerde 2018 —
Chiang, LoVerde, FVN, 2018 pm - pC + pb %/

P, (k) b*P,, (k) P,(k) = b%P,, (k)

g

Bias defined in this way becomes universal
across halo mass, neutrino masses and redshift.

If this systematic effect is not taken into account,
Raccanelli, Verde, FVN, 2017 » it will biased the derived value of the cosmological
Vagnozzi et al. 2018 parameters between 0.5¢ and 1c.




Neutrino effects 11: halo clustering

LoVerde 2014 Unique neutrino effect!
Chiang, Hu, Li, LoVerde 2018

Chiang, LoVerde, FVN, 2018
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Neutrino effects II1: voids

Massless neutrinos

Capricornus
Supercluster

Ophiuchus
Supercluster

Capricornus Void

Sculptor Void

Sculptor
Pisces-Cetus Supel.duslers
Superclusters L
Fornax Phoenix
Void Supercluster 4
Columba
Void
Horologium

Superdluster

Corona-Borealis
Supercluster

Hercules
Superclusters

Corona Borealis

Void
PIvodndis M:uoscqp:um
Void
el Bodtes Void
Centaurus Shapley
Supercluster
Hydra-Centaurus perdl Supercluster
Supercduster
Hydra

Perseus-Pisces
Supercluster

Canis Major
Void

Columba
Supercluster

Ursa Major 'i.;
Supercluster

Coma ,;‘g’ a

Supercluster

3

Leo
Superclusters

Sextans .
Supercluster =

Bodtes
Superclusters



Neutrino effects II1: voids

Massless neutrinos Massive neutrinos
‘ I CDMV ‘ \
Neutrinos
— —————— —




Neutrino effects II1: voids

Massive \
neutrinos
Massless \

neutrinos




Neutrino effects II1: voids

FVN, Vogelsberger, Loeb, Viel, 2012
Massara, FVN, Viel, Sutter 2015
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Neutrino effects are amplified in voids
Use Lya or galaxy voids to measure neutrino masses
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Forecasts

How well can we constraint the sum of the neutrino
masses by combining information from the power
spectrum, the halo mass function and the void size

function?



Forecasts: P(k) + HMF + VSF

FVN, Massara, Spergel, Wandelt, Ho, Verde, Viel, (To be submitted)
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Forecasts: P(k) + HMF + VSF

FVN, Massara, Spergel, Wandelt, Ho, Verde, Viel, (To be submitted)
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The Quijote simulations

FVN, Massara, Spergel, Wandelt, Ho, Verde, Viel (To be submitted)
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* Aset of 23000 N-body simulations

e 1000 Mpc/h 5123 DM particles (+ 5123 v particles) z=1{0, 0.5, 1, 2, 3}
* Publicly available: Snapshots, power spectra, bispectra, halo/voids catalogs...

* More than 3.3 trillion particles at a single redshift

e 450Tb, 12M cpu hours
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Future plans

TODO
Repeat with realistic galaxies in redshift-space
Marginalize over bias (HOD), baryonic effects...
Detectability for PFS, Euclid & DESI
Full bispectrum, pdf...

Challenges N
Cluster counts |
Mass calibration with HSC / LSST 15
Voids in redshift-space
Baryonic effects 0] 0533 0834 053
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Future plans

redshift: 4.43 Mark Vogelsberger (MIT)



From dark matter to galaxies
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83(®) =(F(Em(®), ViV, ...)

Very complicated function
Deep learning will find it



From dark matter to galaxies
with neural networks

Zhang, Wang, Zhang, Sun, He, Contardo, FVN, Ho

Dark Matters from Simu
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Nishimichi, Takada et al. 2019
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imulating 'V ultiscale /A strophysics to | 'nderstand ¢ ralaxies

- CCA-based multi-institutional collaboration bringing together
expertise from accretion disk physics and star formation to galaxy
evolution and cosmology

- Understand baryonic processes to the accuracy required to improve
astrophysical constraints on cosmology and non-standard physics

- Maximize the science return of next generation cosmological
experiments (e.g., Simons Observatory, WFIRST, Euclid, LSST)

Greg Bryan (CCA/Columbia), Rachel Somerville (CCA)
Lars Hernquist (CfA, Harvard), Eve Ostriker (Princeton), Eliot Quataert (UC Berkeley), David Spergel
(CCA), Volker Springel (MPA), Jim Stone (Princeton), Romain Teyssier (University of Zurich)

- Black hole feeding and feedback

- Resolved star formation and feedback
- Cosmological tests

- Circumgalactic medium

- Cosmological simulations




Future plans: 21cm

NAOJ 1) Isolated line
2) Spectro-z survey
Cosmology and astrophysics with 21cm intensity mapping 3) Very large volumes
4) Ground telescopes
5) New wavelength

| co-lead the SKA cosmological simulations WG with David Alonso (Oxford)

T, (mK]
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