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n → p+ + e−

n→ p+ + e− +ν e

Pauli		1930	
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ViolaBon	of	Energy	
ViolaBon	of	Momentum	
ViolaBon	of	Spin	

• 	Fundamental	parBcles		

• 	Neutral	leptons:	½	spin	fermions		
								only	sensiBve	to	electroweak	force	and	gravity	
	
• 	Nν=3 from	Z	boson	decay

•  Very	weak	cross	secBon	
					a	neutrino	could	pass	through	a	light	year	of	lead		
								and	not	be	stopped	by	any	of	the	lead	atoms!	

• 	Massless	in	the	SM	
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Solar	neutrino	problem	
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ϕν	measured		=	1/3	ϕν	expected				Davis	1968	



Bruno	Pontecorvo	

Neutrinos

Neutrinos	change	flavour				------------->					Neutrinos	are	massive		

Solar	neutrino	problem	
(mid-1960’s	to	2002)	

νe							νμ,τ		



Neutrinos

•  Neutrino	astronomy	
	(account	for	neutrino	oscillaBons	to	esBmate	expected	fluxes)	

•  Physics	beyond	the	standard	model	
•  Cosmology	

(neutrinos	are	the	second	most	abundance	parBcle	in	the	Universe)	

ImplicaBons	

• What	is	the	neutrino	mass	hierarchy?	
• What	is	the	absolute	neutrino	mass	scale?	
• What	is	the	neutrino	nature?	Dirac	or	Majorana?	

Open	quesBons	



Neutrinos

mν ≥ 0.06 eV∑
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m(ν e ) ≤ 2.3 eV

•  Neutrinos	have	mass	
• What	are	the	neutrino	masses?		

1.  Impact	on	cosmology	
2.  Weigh	neutrinos	with	cosmology	



T ≈1010  K ≈1 MeV

• 	Photons	
• 	Electrons	&	Positrons	
• 	Neutrinos	&	AnBneutrinos	

Cosmic neutrino background
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Tγ ,0 ≈1.95 K

S.	Weinberg,	Cosmology,	Oxford	University	Press,	2008	

Tν (z) = Tν ,0 (1+ z)



ProperBes	
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Cosmic neutrino background



1.  	ModificaBon	of	the	Maner-RadiaBon	equality	Bme	
	
2.  	Slow	down	the	growth	of	maner	perturbaBons	
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ν

ΩDM =ΩCDM +Ων = fixed
Lesgourgues	&	Pastor,	Physics	Reports,	429,	6,	2006	

Effects at linear order

δCDM ∝ a δCDM ∝ a1−3/5 fν



Effects at linear order

Lesgourgues	&	Pastor,	Physics	Reports,	429,	6,	2006	

ΩDM =ΩCDM +Ων = fixed
1.  ModificaBon	of	the	Maner-RadiaBon	

equality	Bme	
	
2.  Slow	down	the	growth	of	maner		

perturbaBons	

fν =
Ων

ΩCDM +Ωb +Ων
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Effects on the non-linear regime

Why?	

Important	on	small	scales	

Important	at	low	redshil	

How?	

Semi-analyBc	methods	
N-1-body,	Ringwald	&	Wong,	2004	

PerturbaBon	theory	
Blas,	Garny,	Konstandin,	Lesgourgues,	2014	

N-body	simulaBons	

Lots	of	modes	in	the		
middle—non-linear	regime	



CDM	 CDM	+	ν	

Power	spectrum	

Growth	factor	 Scale	independent	 Scale	dependent	

Growth	rate	 Scale	independent	 Scale	dependent	

VelociBes	 Peculiar	 Peculiar		
Peculiar	+	thermal	

RadiaBon	 -	 May	be	important	

N-body simulations with neutrinos

Pm (k) Pcb(k)
Pν (k)



Effects on matter power spectrum

512	Mpc/h	

150	Mpc/h	

Fivng	formula	

Linear	predicBon	

ΔP

P max

linear

≅ −8 fν

ΔP

P max

non−linear

≅ −10 fν

Brandbyge,	Hannestad,	Haugbolle,	Thomsen,	2008	
Viel,	Haehnelt,	Springel,	2010	
Bird,	Viel,	Haehnelt,	2012	
Wagner,	Verde,	Jimenez,	2012	
Agarwal,	Feldman,	2011	
Massara,	FVN,	Viel,	2014	
Upadhye,	Biswas,	Pope,	Heitmann,	Habib,	Finkel,	FronBere,	2014	
Inman,	Emberson,	Pen,	Farchi,	Yu,	Harnois-Deraps,	2015	

Bird	et	al.	2012	



Neutrino clustering
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Neutrino clustering



Neutrino clustering
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σ 2 (M, z) =
1

2π 2
k2Pm (k)

0

∞

∫ W 2 (k, R)dk

Halo mass function

Universal	

•  No	prescripBon	

•  Maner	prescripBon	

•  Cold	dark	maner	prescripBon	

M =
4π
3
ρmR3

What	about	massive	neutrino	cosmologies?	
ρm → ρm Pm (k)→ Pm (k)

ρm → ρcdm Pm (k)→ Pm (k)

ρm → ρcdm Pm (k)→ Pcdm (k)

Brandbyge	et	al.	2010	

Brandbyge	et	al.	2010	
Marulli	et	al.	2011	
Villaescusa-Navarro	et	al.	2013	

Ichiki	&	Takada	2011	
Castorina	et	al.	2013	
Costanzi	et	al.	2013	

Castorina,	SefussaB,	Sheth,	FVN,	Viel	2013	
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FoF	halos	:	b=0.2	

dn(M, z)
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=ν f (ν )
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M 2
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Crocce	et	al.	2010	

ρm → ρcdm Pm (k)→ Pm (k)

ρm → ρcdm Pm (k)→ Pcdm (k)

Maner	prescripBon	

Cold	dark	maner	prescripBon	

Halo mass function
Castorina,	SefussaB,	Sheth,	FVN,	Viel	2013	
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Clustering of dark matter halos
FVN,	Marulli,	Viel,	Branchini,	Castorina,	Sefusav,	Saito	2013	
Castorina,	Sefusav,	Sheth,	FVN,	Viel	2013	
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Clustering of dark matter halos
Castorina,	Sefusav,	Sheth,	FVN,	Viel	2013	
FVN,	Marulli,	Viel,	Branchini,	Castorina,	Sefusav,	Saito	2013	
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Clustering of dark matter halos
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Neutrino effects on BAO

100	N-body	simulaBons	
zi=99;		1000	Mpc/h	
256^3	CDM	+	256^3	Neutrinos	
0.0	eV,	0.15	eV,	0.3	eV,	0.6	eV	
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Neutrino effects on BAO
Peloso,	Pietroni,	Viel,	FVN	2015	



Neutrino effects on BAO
Peloso,	Pietroni,	Viel,	FVN	2015	
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Neutrino effects on voids

Massless	neutrinos	 Massive	neutrinos	



The	impact	of	
massive	neutrinos	
on	cosmic	voids	

0.6	eV	

0.0	eV	



Neutrino effects on voids
Massara,	FVN,	Viel,	Suner	2015	

Void	finder:	
VIDE,	Suner	et	al.	2014	



Neutrino effects on voids
Massara,	FVN,	Viel,	Suner	2015	



	
ParCcle	physics	

	
Cosmology	

Kraus	et	al.	2005	

mνi

i

∑ < 0.12 eV (95% C.L.)
Palanque-Delabrouille	et	al.	2015	

CMB	+	BAO	+	Lya	forest	

?	

TriBum	beta	decay	

m(ν e ) ≤ 2.3 eV (95% C.L.)

m(ν e ) ≤ 0.2 eV (90% C.L.)

TriBum	beta	decay	

KATRIN	

21cm																																	CMB+21cm	

mνi

i

∑ < 0.11 eV (95% C.L.)
Cuesta	et	al.	2016	

CMB	+	BAO	+	galaxy	P(k)	

Future constraints from cosmology



Weighing neutrinos with cosmic neutral hydrogen
Post-reionizaBon	era	 P21cm (k, z) = b21cm

2 (k, z)Pm (k, z)



MOTIVATION	

θ =
λ
d



1.  Forecast	the	sensiBvity	of	SKA	to	the	sum	of	the	
neutrino	masses.	

	

2.  Understand	the	impact	of	neutrino	masses	on	the	
abundance	and	clustering	properBes	of	cosmic	HI	

Weighing neutrinos with cosmic neutral hydrogen



Neutrino effects on 21cm
Hydrodynamical	simulaBons	

•  RadiaBve	cooling	by	H	and	He	
•  HeaBng	by	uniform	UV	background	
•  Star	formaBon	
•  Feedback	(galacBc	winds)	
•  CDM	+	baryons	+	neutrinos	

HI	self-shielding			 Presence	of	H2			





Ingredients for 21cm IM
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Neutrino effects on 21cm

Halos	with	low	masses	do	not	host	HI.		
MHI(M,z)	will	exhibit	a	cut-off	at	low	masses		

FVN,	Bull,	Viel	2015	



Neutrino effects on 21cm
ΩHI (z) =

1

ρc
0

n(M, z)MHI (M, z)dM
0

∞

∫ FVN,	Bull,	Viel	2015	



Neutrino effects on 21cm

fHI (NHI ) =
d 2n

dNHIdX

FVN,	Bull,	Viel	2015	
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Forecasts for SKA

σ(Mν)=0.034	eV													σ(Mν)=0.029	eV																		Mν<0.120	eV		
					LOW+MID+CMB																											LOW+MID+CMB+spectro-z																														CMB+BAO+Lya	

FVN,	Bull,	Viel	2015	

Only	21cm	monopole	
	
SKA1-MID	
•  0<z<3	
•  Single	dish	
•  10000	hours	
•  25000	deg2	
•  200	dishes;	15m	
	
SKA1-LOW	
•  3<z<6	
•  interferometry	
•  10000	hours	
•  20	deg2	
	



Conclusions
•  Neutrinos	have	mass!!!		

Major	consequences	for	parBcle	physics	and	cosmology	

•  Big	Bang	theory	predicts	the	existence	of	the	CνB	

•  Massive	neutrino	effects	well	understood	at	linear	order	

•  Many	effects	at	fully	non-linear	level	
•  Neutrino	clustering	
•  Halo	properBes	
•  Halo	mass	funcBon	
•  Bias	
•  BAO	
•  Voids	
•  HI	abundance	and	clustering	

•  SKA	IM	surveys	will	set	σ(Mν)=0.034	eV						(σ(Mν)=0.12	eV	)	


