
ν 

ν 

ν 

ν 

ν 

ν 

ν 

ν 
ν 

ν 
ν 

ν 

ν 

ν 

ν 

ν 

ν 

ν 

ν 

ν 
ν 

ν 
ν 

ν 

Neutrinos	in	Cosmology	(II)	

Sergio Pastor  
(IFIC Valencia) 

 8th	IDPASC	school	
VLC,	21-31	May	2018	



Outline	

Basics	of	Cosmology	

IntroducNon:	neutrinos	and	the		
history	of	the	Universe	

ProducNon	and	decoupling		
of	relic	neutrinos	

ν 

ν 

ν 
ν 

ν 

ν 

ν 

ν 
ν 

ν 
ν 
ν 

ν 

ν 

ν 
ν 

ν 

ν 

ν 

ν 
ν 

ν 
ν 
ν 

1st	



Outline	

ν 

ν 

ν 
ν 

ν 

ν 

ν 

ν 
ν 

ν 
ν 
ν 

ν 

ν 

ν 
ν 

ν 

ν 

ν 

ν 
ν 

ν 
ν 
ν 

Neutrino	oscillaNons		
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Neutrinos	and	Primordial		
Nucleosynthesis	



Primordial	abundances	of	
light	elements:	Big	Bang	
Nucleosynthesis	(BBN)	

BBN:	last	epoch	sensiJve	
to	neutrino	flavour	

Bound	on	Neff	
(typically	Neff<4)	



Produced	elements:	D,	
3He,	4He,	7Li	and	small	
abundances	of	others	

BBN:	CreaNon	of	
light	elements	

TheoreJcal	inputs:	

⌘10 =
nB/n�

10�10
' 274⌦Bh

2



Range	of	temperatures:		from	0.8	to	0.01	MeV	

BBN:	CreaNon	of	light	elements	

n/p	freezing	and	
neutron	decay	

Phase	I:	0.8-0.1	MeV	
n-p	reacJons	



0.03 
MeV 

0.07 
MeV 

Phase	II:	0.1-0.01	MeV	
FormaJon	of	light	nuclei	
starJng	from	D	

PhotodesintegraJon	
prevents	earlier	formaJon	
for	temperatures	closer		
to	nuclear	binding	energies	

BBN:	CreaNon	of	light	elements	



Phase	II:	0.1-0.01	MeV	
FormaJon	of	light	nuclei	
starJng	from	D	

PhotodesintegraJon	
prevents	earlier	formaJon	
for	temperatures	closer		
to	nuclear	binding	energies	

BBN:	CreaNon	of	light	elements	

0.03 
MeV 



Phase	II:	0.1-0.01	MeV	
FormaJon	of	light	nuclei	
starJng	from	D	

PhotodesintegraJon	
prevents	earlier	formaJon	
for	temperatures	closer		
to	nuclear	binding	energies	

BBN:	CreaNon	of	light	elements	



BBN:	Measurement	of	Primordial	abundances	
Difficult	task:	search	in	astrophysical	systems	with	chemical	evoluNon	as	small	as	
possible	

Deuterium:	destroyed	in	stars.	Any	observed	abundance	of	D	is		a	lower	
limit	to	the	primordial	abundance.	Data	from	high-z,	low	metallicity	QSO	
absorpJon	line	systems	
	
Helium-3:	produced	and	destroyed	in	stars	(complicated	evoluJon)	
Data	from	solar	system	and	galaxies	but	not	used	in	BBN	analysis	
	
Helium-4:	primordial	abundance	increased	by	H	burning	in	stars.		
Data	from	low	metallicity,	extragalaJc	HII	regions	
	
Lithium-7:	destroyed	in	stars,	produced	in	cosmic	ray	reacJons.	
Data	from	oldest,	most	metal-poor	stars	in	the	Galaxy	



BBN:	PredicNons	vs	ObservaNons	
	

Planck	2015,	arXiv:1502.01589	



Effect	of	neutrinos	on	BBN	
	1.	Neff	fixes	the	expansion	rate	during	BBN	

ρ(Neff)>ρ0  →   ↑ 4He 

3.4 3.2 
3.0 

2.	Direct	effect	of	electron	neutrinos	and	anJneutrinos		
on	the	n-p	reacJons	

Burles,	NolleS	&	Turner	1999	

H =

s
8⇡⇢

3M2
p

⌫e + n $ p+ e� e+ + n $ p+ ⌫̄e



BBN:	allowed	ranges	for	Neff	

Planck	2015,	arXiv:1502.01589	Deuterium-only	bounds	
Marcucci	et	al,	PRL	116	(2016)	102501	

	[arXiv:1510.07877]	



Neutrino	oscillaNons		
in	the	Early	Universe	



Flavour	neutrino	oscillaNons	in	the	Early	Universe	

 Standard case: all neutrino flavours equally populated 
                   oscillations are effective below a few MeV, but have  
                   no effect (except for mixing the small distortions δfν) 
Cosmology is insensitive to neutrino flavour after decoupling! 	

 Non-zero neutrino asymmetries: flavour oscillations lead  
 to (approximate) global flavour equilibrium 
 
the restrictive BBN bound on the           asymmetry applies  
to all flavors, but fine-tuned initial asymmetries always allow 
for a large surviving neutrino excess radiation that may show  
up in precision cosmological data (value depends on θ13) 

SP, Pinto & Raffelt, PRL 102 (2009) 241302 



What if additional, light sterile neutrino species are mixed with 
the flavour neutrinos? 

♣  If oscillations are effective before decoupling: the additional 
species can be brought into equilibrium: Neff=4  

♣  If oscillations are effective after decoupling: Neff=3 but the 
spectrum of active neutrinos is distorted (direct effect of νe and 
anti-νe on BBN) 

Results	depend	on	the	sign	of	Δm2	

(resonant	vs	non-resonant	case)	

AcNve-sterile	neutrino	oscillaNons	



Neff	&	AcNve-sterile	neutrino	oscillaNons 

Expansion	of	the	universe	

 
  

 

 
 
	
	
Weak	
Processes	
EffecJve:	
ν 	in	eq	
(thermal	
spectrum)	

 
 

Collisions	less	
and	less	
important:	
ν 	decouple		
(spectrum	
keeps	th.	form)	

γγ→+ -ee

OscillaJons	effecJve	
AFTER	decoupling:	
spectrum	of	acJve	
neutrinos	distorted	

	but	Neff=3	

OscillaJons	effecJve	
BEFORE	decoupling:	the	
addiJonal	species	can	be	
brought	into	eq:	Neff=4	



Hannestad,	Tamborra	&	Tram,	JCAP	07	(2012)	025	

Neff	&	AcNve-sterile	neutrino	oscillaNons 
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Neutrinos	as	Dark	MaVer	



The	Cosmic	Neutrino	Background	
	

•  Number	density		

	
	

• 	Energy	density	

 
 
 
 
 

 3
23

3

11
3(6

11
3

2 CMBγννν T
π
)ζn)(p,Tf

π)(
pdn === ∫At present 112               cm-3 per flavour 

 
 
 
Contribution to the energy  
density of the Universe 
 
 
 
 

Neutrinos	decoupled	at	T~MeV,	keeping	a		
spectrum	as	that	of	a	relaJvisJc	species	

(� + �̄)

Massless	

Massive	

mν>>T	

f⌫(p, T ) =
1

exp(p/T⌫) + 1



Low Energy  
Neutrinos 

 

VERY LOW  
Energy Neutrinos 

Non-relativistic? 

€ 

Δm31
2

€ 

Δm21
2



We	know	that	flavour	neutrino	oscillaNons	exist	
From present evidences of oscillations from experiments measuring 
atmospheric, solar, reactor and accelerator neutrinos 

Evidence for Particle Physics  
beyond the Standard Model ! 

),,(),(e, 321 ννντµ ↔

From present evidences of oscillations from experiments measuring 
atmospheric, solar, reactor and accelerator neutrinos 

 
 
Mixing matrix U 
 
 



Neutrino	masses	

Possible neutrino mass hierarchy patterns 
Possible	neutrino	mass	hierarchy	paVerns	

Present evidences  
for flavour neutrino 
oscillations: data on 
solar, atmospheric, 

reactor and accelerator 
neutrinos 
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Neutrino	masses	
Data	on	flavour	oscillaJons	do	not	fix	the	absolute	scale	of	neutrino	masses	

eV 

m0 

 
What is the value of m0 ? 
 



Data	on	flavour	oscillaJons	do	not	fix	the	absolute	scale	of	neutrino	masses	
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photons 

neutrinos 

cdm 

baryons 

Λ 

mν=0.05	eV	

mν=0.009	eV	

mν≈	0	eV	

mν=1	eV	

EvoluJon	of	the	background	densiJes:	1	MeV	→	now	

�i = �i/�crit

aeq:	ρr=ρm		



Neutrinos	as	Dark	MaSer	
• 	Neutrinos	are	natural	DM	candidates	

 

 

 

• 	They	stream	freely	unJl	non-relaJvisJc	(collisionless	phase	mixing)												
Neutrinos	are	HOT	Dark	MaVer	(large	thermal	moJon)	

• 	First	structures	to	be	formed	when	Universe	became	maSer	–dominated	
are	very	large	

• 	Ruled	out	by	structure	formaJon														CDM	

	

��h
2 =

�
i mi

93.2 eV
�� < 1 �

⇥

i

mi � 46 eV

�� < �m ⇥ 0.3 �
�

i

mi � 15 eV

Massive	Neutrinos	can	sJll	be	subdominant	DM:	limits	on	mν	from	
Structure	FormaJon	(combined	with	other	cosmological	data)	



EvoluNon	of	the	Universe	



Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	



Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	



Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	



growth of δρ/ρ (k,t) fixed by  
gravity vs expansion   balance !

  !

⇒ δρ/ρ α a 

Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	



neutrinos	
experience		

free-streaming	
with	

v	=	c	or	<p>/m	

Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	



Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	

neutrinos	
experience		

free-streaming	
with	

v	=	c	or	<p>/m	



	neutrinos	cannot	cluster	below	a	diffusion	length		
   λ = ∫ v dt   < ∫ c dt 

Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	

neutrinos	
experience		

free-streaming	
with	

v	=	c	or	<p>/m	



Structure	formaJon	axer	equality	

baryons	and	
CDM	(maVer)	
experience	
gravitaNonal	
clustering	

neutrinos	
experience		

free-streaming	
with	

v	=	c	or	<p>/m	



Neutrinos	as	Hot	Dark	MaSer	
Massive	Neutrinos	can	sJll	be	subdominant	DM:	limits	on	mν	from	Structure	
FormaJon	(combined	with	other	cosmological	data)	

S.	Hannestad,	Cosmology	Group,	Univ.	Aarhus	

�

i

mi = 0 eV
�

i

mi = 6.9 eV



Effects	of	neutrino	masses		
on	cosmological	observables	



 

from J. Lesgourgues 

Cosmological	Observables	

Photon density fluctuations 
 before decoupling  

CMB primary anisotropy 
spectrum (temp+pol) 

Photon momentum  
after decoupling 

CMB secondary anisotropy 
spectrum 

matter density fluctuations 
Large-Scale Structures 

[ galaxy / cosmic shear / Lyα ] 
LSS spectrum 

Recombination 

Hubble constant H0 & cosmic distances 
measurements: SN Ia and Baryon 

Acoustic Oscillations (BAO) 



Power	Spectrum	of	density	fluctuaJons	

Field of density  
Fluctuations 

 
 
 ρ
δρ

δ
)()( xx =



Neutrinos	as	Hot	Dark	MaSer:	effect	on	P(k)	

• 	Effect	of	Massive	Neutrinos:	suppression	of	Power	at	small	scales	

Massive	Neutrinos	can	sJll	be	subdominant	DM:	limits	on	mν	from	
Structure	FormaJon	(combined	with	other	cosmological	data)	

fν 



Effect	of	massive	neutrinos	on	P(k)	
Observable signature of the total mass on P(k) : 

P(k) massive 
 
P(k) massless various 

fν 



 

from J. Lesgourgues 

Cosmological	Observables	

Photon density fluctuations 
 before decoupling  

CMB primary anisotropy 
spectrum (temp+pol) 

Photon momentum  
after decoupling 

CMB secondary anisotropy 
spectrum 

Recombination 



CMB	data	from	Planck	

PLANCK	2015:	results	from	15	months,	measures	the		
TT	CMB	spectrum	in	a		wide	range	of	l’s	(also	TE	&	EE)	
	

P.A.R.	Ade	et	al,	arXiv:1502.01589	



Present	CMB	data	
Planck	vs	other	experiments	



Effects	of	mν	on	the	CMB	
•  Neutrinos	contribute	to	radiaJon	at	early	Jmes	and	non-relaJvisJc	maSer	

at	late	Jmes	

•  If	mν	<	0.6	eV,	neutrinos	are	relaJvisJc	at	photon	decoupling.	In	principle	
the	primary	CMB	TT	spectrum	sensiJve	to	Σmν	>	1.5	eV	

•  “effect	of	mν”	depends	on	what	combinaJon	of	parameters	is	kept	fixed	

•  Leave	both	“early	cosmology”	and	angular	diameter	dist.	to	decoupling	
invariant:	
•  Possible	by	fixing	photon,	cdm	and	baryon	densiJes,	while		tuning	H0,	ΩΛ		
•  then	increase	in	mν	goes	with	decrease	in	H0:	negaJve	correlaJon	between	the	

two	
•  “base	model”	in	Planck	has	(0.06,	0,	0)	eV	masses:	shixs	best-fi|ng	H0	by	-0.6	

h/km/Mpc	with	respect	to	massless	case	
	



Effects	of	mν	on	the	CMB	



Effects	of	mν	on	the	CMB	
	
•  Leaving	both	“early	cosmology”	and	angular	diameter	dist.	to	decoupling	

invariant:	
fixing	photon,	cdm	and	baryon	densiJes,	while	tuning	H0,	ΩΛ		

	

unlensed	ClTT	for	two	degenerate	masses	vs	massless:	



Effects	of	mν	on	the	CMB	
	
•  Leaving	both	“early	cosmology”	and	angular	diameter	dist.	to	decoupling	

invariant:	
fixing	photon,	cdm	and	baryon	densiJes,	while	tuning	H0,	ΩΛ		

	

unlensed	ClTT	for	two	degenerate	masses	vs	massless:	

Background	
Later	M/Λ	equality,		

less	“late	ISW”	

Perturba1on	
Not	fully	
relaJvisJc	
before	

decoupling:	less	
free-streaming	
and	shixing	

Perturba1on	
Feature	coming	from	
early	ISW:	φ	evoluJon	
at	non-relaJvisJc	

transiJon	

+	different	lensing	
effect	

Σmν	
Σmν	

mν	

mν	



Effects	of	Neff	on		
cosmological	observables	



Effects	of	Neff	on	the	CMB	

•  Neff	is	a	parameter	for	the	relaJvisJc	density	in	general	

•  “background	effects”	(change	in	expansion	history)	versus	“perturbaJon	
effects”	(gravitaJonal	interacJons	between	photons	and	relaJvisJc	
species)	

•  “effect	of	Neff”	depends	on	what	is	kept	fixed.	

•  Fixing	quanJJes	best	probed	by	CMB	(angular	peak	scale,	redshix	of	
equality,	…):	
•  possible	with	simultaneous	enhancement	of	radiaJon,	maSer,	Λ	densiJes,	

with	fixed	photon	and	baryon	densiJes		
•  then	increase	in	Neff	goes	with	increase	in	H0:	posiJve	correlaJon	between	the	

two	



photons 

neutrinos 

cdm 

baryons 

Λ 

mν=0.05	eV	

mν=0.009	eV	

mν≈	0	eV	

mν=1	eV	

EvoluJon	of	the	background	densiJes:	1	MeV	→	now	

�i = �i/�crit

aeq:	ρr=ρm		



Effects	of	Neff	on	the	CMB	

Hinshaw	et	al,	arXiv:1212.5226		



Effects	of	Neff	on	the	CMB	
•  Fixing	quanJJes	best	probed	by	CMB	(angular	peak	scale,	redshix	of	

equality,	…):	
						simultaneous	enhancement	of	radiaJon,	maSer,	L	densiJes,	with	fixed	photon	and	baryon	densiJes	
		 unlensed	ClTT	for	Neff=3	vs	Neff=0	:	



Effects	of	Neff	on	the	CMB	
•  Fixing	quanJJes	best	probed	by	CMB	(angular	peak	scale,	redshix	of	

equality,	…):	
						simultaneous	enhancement	of	radiaJon,	maSer,	L	densiJes,	with	fixed	photon	and	baryon	densiJes	
		 unlensed	ClTT	for	Neff=3	vs	Neff=0	:	

Perturba1on	
Neutrino	free-
streaming:	less	

gravitaJonal	driving	of	
acousJc	oscillaJons	 Perturba1on		

Neutrino	drag:	c	<	
cs,	influence	on	

phase	of	
oscillaJons	

Background	
Change	in	
diffusion	

damping	scale:	
extra	Silk	
damping	



Present	bounds	on	neutrino		
properNes	from	cosmology	



Data	on	flavour	oscillaJons	do	not	fix	the	absolute	scale	of	neutrino	masses	
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How	to	get	a	bound	(measurement)	of		
neutrino	masses	from	Cosmology	

DATA	

Fiducial	cosmological	model:	
(Ωbh2	,	Ωmh2	,	h	,	ns	,	τ,	Σmν	)	

PARAMETER	
ESTIMATES	



 

from J. Lesgourgues 

Cosmological	Observables	

Photon density fluctuations 
 before decoupling  

CMB primary anisotropy 
spectrum (temp+pol) 

Photon momentum  
after decoupling 

CMB secondary anisotropy 
spectrum 

matter density fluctuations 
Large-Scale Structures 

[ galaxy / cosmic shear / Lyα ] 
LSS spectrum 

Recombination 

Hubble constant H0 & cosmic distances 
measurements: SN Ia and Baryon 

Acoustic Oscillations (BAO) 



Cosmological	Data	

•  CMB	Temperature:	Planck	plus	data	from	other	experiments	at	large	
mulJpoles	(ACT,	SPT…)	

• 	CMB	PolarizaJon	and	lensing:	Planck,…	

• 	Large	Scale	Structure:	

	*	Galaxy	Clustering	

	*	Bias	(Galaxy,	…):	Amplitude	of	the	MaSer	P(k)		

	*	Lyman-α	forest:	independent	measurement	of	power	on	small	scales	

	*	Baryon	acousJc	oscillaJons	(BAO)		

	Bounds	on	parameters	from	other	data:	SNIa	(Ωm),	HST	(h),	…	

	



Cosmological	Parameters:	example	

SDSS	Coll,	PRD	69	(2004)	103501	



Cosmological	bounds	on	neutrino	mass(es)	

A	unique	cosmological	bound	on	mν	DOES	NOT	exist	!	

Different	analyses	have	found	upper	bounds	on	neutrino	masses,	since	they	
depend	on	

• 	The	combinaJon	of	cosmological	data	used	

• 	The	assumed	cosmological	model:	number	of	parameters	(problem	of	
parameter	degeneracies)	

• 	The	properJes	of	relic	neutrinos	



The	minimal	ΛCDM	model	fits	very	well	Planck	data	



1-parameter	extensions	of	the	ΛCDM	model	

95%	CL	
limits	

Ext	=BAO	+	JLA	+	H0	



1-parameter	extensions	of	the	ΛCDM	model	
68+95%		
Conf	regions	

Planck	TT	+	lowP			Planck	TT,TE,EE	+	lowP			Planck	TT,TE,EE	+	lowP	+	BAO	
	
	

0.06	eV	

3.046	



Measuring	Neff	

Indirect	detecJon	of		
CNB	at	10-17σ		

All	68%CL	



Cosmological	upper	limits	on	the	sum	of	neutrino	masses	
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Measuring	mν	with	Planck	(+other	cosmo	data)	

Planck	TT+lowP	

Planck	TT+lowP+	TE,EE+	lensing	

Planck	TT+lowP+lensing+ext	

Latest	analyses	
Planck	2016	+		
BAO	/	Ly-α	
see	e.g.	

Vagnozzi	et	al	
PRD	96	(2017)	123503	

Capozzi	et	al	
PRD	95	(2017)	096014	



Cosmological	upper	limits	on	the	sum	of	neutrino	masses	
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Measuring	mν	with	Planck	(+other	cosmo	data)	

data	dependence		
for	minimal	model	

model	dependence	
for	conservaNve	data	



Direct laboratory bounds on mν 
Searching	for	non-zero	neutrino	mass	in	laboratory	experiments	

 
•  Tritium beta decay: measurements of endpoint energy 
 
 
 

 mβ < 2.2 eV (95% CL)   Mainz 
 

 Current experiment (KATRIN) m(νe) ~ 200-300 meV 
 
•  Neutrinoless double beta decay: if Majorana neutrinos 
 
 
 

	experiments	with	76Ge, 130Te, 136Xe and other isotopes:   
 mββ < 60-800 meV , depending on NME     

 

Probing	the	absolute	neutrino	mass	scale	

3H ! 3He+ e� + ⌫̄e

(A,Z) ! (A,Z + 2) + 2e�



Absolute mass scale searches	

Neutrinoless	
double	beta	
decay	

< 60-330 meV 

TriJum	β	decay	 2.2 eV 

m�� =

�����
⇥

i

U2
eimi

�����

m� =

�
⇤

i

|Uei|2m2
i

⇥1/2

< 110-590 meV Cosmology	 �
�

i

mi

Probing	the	absolute	neutrino	mass	scale	



TriNum	β	decay,	0ν2β	and	Cosmology	

KATRIN	

Planck	TT+lowP
+lensing+ext	

Planck	TT+lowP
+lensing+ext	

CURRENT	0ν2β	

Σmν	 Σmν	



Future	sensiNviNes	on	neutrino		
physics	from	cosmology	



Future	
cosmological	
data		
	 Hannestad & Wong, JCAP 07 (2007) 004 

Takada et al, PRD 73 (2006) 083520 

Wang et al, PRL 95 (2005) 011302 

Hannestad et al, JCAP 06 (2006) 025 

Song & Knox, PRD 70 (2004) 063510 

Perotto et al, JCAP 10 (2006) 013 

Lesgourgues et al, PRD 73 (2006) 045021 

Loeb & Wyithe, PRL 100 (2008) 161301 

Pritchard & Pierpaoli, PRD 78 (2008) 065009 

Forecasts	
indicate	

10-150	meV	
sensiNviNes	to	

Σmν	are	
possible	!!	

CMB	
PolarizaNon	
(beyond	
Planck)	

CMB	lensing	

Cosmic	
Shear	
Surveys	

Lyman-α	

Galaxy	
Cluster	
Surveys	

21-cm	H	
line	surveys	



End	of	2nd	lecture	




