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We want to study light sterile neutrinos ! s.

o(eVy "> - spin 1/2 fermions,
- neutral under SM forces,
- mix with active neutrinos.

Not for solar or atmospheric neutrino problems, but

- LSND/MiniBooNE

r-process nucleosynthesis

- invoked in phenomenology Tilcar ktcks

galactic ionization...

right-handed neutrino
goldstino
- : . majorino
- predicted in beyond SM models **° auatino

branino Ee
. familino
modulino

mirror fermion...

The discovery of a new light particle would be fundamental.
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bounds from BBN

-T ~ MeV
- flavor is important
- matter effects in the plasma




Instead of a limited ! formalism 14 ! cosf.y + sin O.v
we want a full 4: formalism.

A simple parametrization: define a unit vector 72, which identifies a
combination of active neutrinos

h’!l :ne"e—l—nu"“‘I—n!"! :n1||1_|_n2||2_|_n3n3
which mixes with : ¢ with an angle ! ¢,
' ¢ has a mass 14 .

Basic cases: mixing with a flavor eigenstate, or a mass eigenstate

/ \

vu/vs mMixing vo/vs Mixing

s s |

e —

Free parameters: given a case, 1124 and ! S .




(nuclear rates, n lifetime,
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(nuclear rates, n lifetime,
weak cross sections)

For any choice of AmZ, ! a prediction from BBN.




For every choice of Am?, !,
for T > MeV — 0.07 MeV
followr:

\ (BBN ends, les jeux sont faits)

1 Kkinetic equations for neutrino densities
,Oz/e y pl/u y /01/! Y IOI/S
2 equation for n/p

3 equations of light nuclei (#He , D) production

symmetries
| distortions




4x4 neutrino density matrix p

dt — dt dT

l.expansion

Hubble parameter
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What happens qualitatively:
-for T'! MeV, matter effects suppress mixing

-as 1" decreases, at a certain point
oscillations vactive <> s Can begin (am2,1.)

- + redistribution v.ctive ! Vactive

- meanwhile: : decouple at T ~ MeV, e ¢’ annihilate...

- Qutput: oo (T), po, (LEREEEG, (T)

I /! ¢ mixing
I m2 =610 *eV?
tan?2!lg = 210" !




weak interactions
n<——p+t+e +1,

n+ve——p+e
Hubble parameter

depends on n + @+ — P + e.
p!e+p!u—|—p!r+p!s :

dependon P, _, Pg,




weak interactions

n+ve——p+e
Hubble parameter

depends on n + @+ — P + e.
p!e+p!u—|—p!r+p!s :
dependon P, _, Pg,

S0, where does a vy enter the game?

total energy density = expansion parameter
depletion of v, density = weak rates




A network of Boltzmann equations with up-to-date nuclear rates...

Determinations of
primordial “He are
somehow controversial.

Conservatively, take
Y, = 0.249 £ 0.009

(Determinations of D/H
are currently less useful.)

Yp
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LSND claims evidence for v, — e With Am? # Am3

sun,
atm

Requires a new (sterile) neutrino: g, — & — &

(if oscillations)

by other

excluded

experiments |

with mixing 7 ~ (*5, =5, 0)

1.e. eese,us ~ fLsND

B 1 eV?
B0 ! 10 S

Bottom Line:

BBN excludes the LSND ! ¢
(too much cosmo expansion)




Part 2: bounds from later cosmology

-T = e
- 11, is important
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Neutrinos affect cosmological perturbations (CMB, LSS).
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cosmological
perturbations

2dF, SDSS, Ly-A




Neutrinos affect cosmological perturbations (CMB, LSS).

Neutrino free-streaming suppresses the growth of LSS on small scales:

(more precisely: massive neutrinos contribute to the energy density of the Universe
during MD but they don’t source in the Newton equation for dOgm )
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Bottomt Line:

LSS excludes the LSND ! ¢
(f0o0 much > m, )




® Cosmology gives some of the most strlngent bounds on VS
- BBN constraints the total NV, and ™ 1 N 4 TN
the depletion of v, 7.,
- LSS constraints  m, .

@ BBN and LSS reject the LSND 7/:




Non-standard modifications

A. a large primordial lepton asymmetry

B. neutrino interactions with new light particles

C. low reheating temperature
Do




Non-standard modifications

A. a large primordial lepton asymmetry
Nt

L, =

e
An asymmetry L, ! ! = 610 '° (baryon asym.) would be natural,
but a priori L, ! O(10—2) is possible.




with lepton asymmetry

2
Am_

N

pVerVquVTHpVS

(nuclear rates, n lifetime,
weak cross sections)

For any choice of Am?,!.. [, a prediction from BBN.

SRLE T




with lepton asymmetry

- follow separately p and p
- an extra term in the neutrino matter potentials
3. scatterings and

- = — _3 _J . eq t]
dt — dt dT L [H:m,p] {Fv (10 P )} «&bSOPp Rl

2. oscillations

i [Vdiag(mf, m%, m%, mi)VT + E, diag(Ve, Vi, Ve ,O)]
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with lepton asymmetry

What happens qualitatively:
-for T'!' MeV, matter effects suppress mixing (p..! 0)

- despite 7' decreasing, the asymmetry term inhibits
Vactive < Vs 0Scillations

- s are less efficiently produced (or not at all) o< 1)

/! ¢ mixing

' m2 =610 eV’
tan?2!, = 210" 1
L, = 10°¢

- (also: n/p weak rates affected by Pv. 7 A.)

., for simplicity




with lepton asymmetry
Recall that

(@ 99.9% C.L.,
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or better
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L, suppresses !'gs production (!, < 1):
the bound on m, i.e. Am? is relaxed.




with lepton asymmetry

Portions of the parameter space are reopened.:

es mixing us mixing
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with lepton asymmetry

Portions of the parameter space are reopened.:
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with lepton asymmetry

Portions of the parameter space are reopened.:
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Non-standard modifications

B. neutrino interactions with new light particles




Non-standard modifications

B. neutrino interactions with new light particles

couplings g! I'" mediate neutrino decay at late times:
neutrinos disappear = not subject to cosmo bounds

also for sterile neutrinos g vs@o
in general, interacting neutrinos pop up often




wWith Sticky neutrinos

v < ¢ couplings imply a tightly coupled fluid at recombination
for g> 10' 8,10 * (decay, scattering)
= neutrino free streaming is obstructed




With Sticky neutrinos

v < ¢ couplings imply a tightly coupled fluid at recombination
for g> 10' 8,10 * (decay, scattering)
= neutrino free streaming is obstructed

Ngorm’ N,i/m, N¢, m;, m¢

Boltzmann eqs for
tightly coupled fluid
+

standard v eqs cosmological
perturbations

2dF, SDSS, Ly-A




With Sticky neutrinos

Case: V,°"™ standard neutrinos,
N interacting with N, scalars,
everything massless.

| 90,99, 99.9% CL | 90, 99, 99.9% CL
(2 dof) (2 dof)
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With SticKy neutrinos

Case: three standard neutrinos (massless),
I N, interacting sterile neutrinos,
with mass ms.
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wWith Sticky neutrinos

Case: three massive neutrinos,
: : ; T
interacting with a massless scalar. ' Ol ]

3 interacting neutrinos disfavored at
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Bottom Line: Cosmology disfavors, at various degrees,
interacting (non-freely streaming) neutrinos.




® Cosmology gives some of the most strmgent bounds on VS
- BBN constraints the total V; and [ ——
the depletion of v, . v,
- LSS constraints = m,

@ BBN and LSS reject the LSND 7/:

® 3 large lepton asymmetry relaxes BBN and LS5 bounds
(L, ~—10"* to reconecile LSND)

® interacting neutrinos may avoid some bounds,
but look problematic (lacking free streaming)
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Dodelson’s (Chicago, 2003)
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some highly
‘ = non trivial
steps

210+ 1"CI M in uK?
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CMB Temperature and Polarization:

- WMAP 3-years (TT, TE, EE spectra) wwmap science Team, astro-ph/0603449 —>

- Boomerang 2003 (TT, TE, EE) Boomerang Coll., astro-ph/0507494, astro-ph/0507507, astro-ph/0507514
- ACBAR (TT) Euoetal, astro-ph/0212289 >

- CAPMAP (EE) Barkats et al, astro-ph/0409380

- CBI (TT, EE) Readhead et al., astro-ph/0402359, astro-ph/0409569, Sievers at al., astro-ph/0509203 -

s DASI (TE, EE) Leitch et al., astro-ph/0409357

- VSA (TT) Grainge et al, astro-ph/0212495

LSS galaxy redshift Surveys: dealingwith bias and non-linearities as

- SDSS SDSS Coll., astro-ph/0310725 —> 1+ Q k2

- 2dF 2dF Coll, astro-ph/0501174 Pga(k) = ? " P (k)

Baryon Acoustic Oscillations: intermsofa

Eisenstein et al., astro-ph/0501171 measurement of FAN=

1/3 " 5
QmatterH 0

: D3cz
H(z) 0.35 ¢

Lyman-« Forest:

- Croft cCroft et al., astro-ph/0012324
- SDSS SDSS Coll., astro-ph/0407377

Type Ia Supernovae:

- SST Gold Sa,mple Riess et al., astro-ph/0402512 —>
- SNLS Astier et al,, astro-ph/0510447 >

Hubble constant: h=0.72+0.08 Hy= 100k km/sec/Mpc

HST Project, Freedman et al., astro-ph/0012376




We use our own code in ENEImEs as opposed to:

- evolve cosmological perturbations, CMBfast/CAMB
- compute spectra and CMBfast/CAMB
- run statistical comparisons with data. CosmoMC

(Recombination is implemented calling recfast .)

We adopt gaussian statistics.

For Standard Cosmology we obtain:

pt A, h Ng $ 1OOQbh2 QDMh2
WMAP3 080+ 0.05 0.704+ 0.033 0.935%+ 0.019 0.081+ 0.030 224+ 0.10 0.113+ 0.010
Global 0.84+ 0.04 0.729% 0.013 0.951+ 0.012 0.121+ 0.025 2.36+ 0.07 0.117+ 0.003

(assumes 3.. massless, freely-streaming neutrinos).




WMAP Science Team analysis:

09 1 1 0.9 1.00 1.00
£ 0.95 &8 osl £ 095 & 095 [
% 08 2095 o
09 0.7 | 0.90 0.90
0.7
09 — WMAP — WMAP — WMAP
0.85 A — = wm
0.6 06 07 0281 09 ! Co0te 0022 0026 *oots 0022 0.026 e o7 o8 o8 1o
0018 002 002 0024 0026 085 ¢ Quh2 Q,h2 o2t
e 0018 002 002 0024 006 oo, WAP
b 2
Qph

Pt As h ns $ 100€2,h? Qph? WMAP WMAP+ WMAP+ WMAP +
WMAP3 0.80+ 0.05 0.704+ 0.033 0.935+ 0.019 0.081% 0.030 224+ 0.10 0.113+ 0.010 Only SDSS LRG SN Gold
Global 084+ 0.04 0729+ 0.013 0.951* 0.012 0.121% 0.025 236+ 0.07 0.117+ 0.003® | porameter
1000h” || 223370001 | 22330065 | 22427 G0g; | 22277000
Qmh? 0.12681§:§;1’§§ 0-1329T§:§;1’§3 0.1337 §§§§g 0.1349t§;§;f§§
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(3 massive neutrinos)

How heavy are neutrinos?

Cosmology probes ) my, .

CMB only:
Z m,, < 2.2eV (95% C.L)

all butLyo

Global fit:

e A G E m;. < 0.40 eV SECEREAEH

all butHo

01 03 | :
Sum of v masses in eV m; , < 0.73eV (99.9% C.L.)

Bottom Line: Cosmology gives dominant bound on > m,, ;
the bound tightens combining relatively less safe datasets.
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New neutrinos% 30 AN,

All N, relativistic degrees of freedom contribute to the energy density.

Freely streaming massless particles

Global fit:
N,=5%1

all butLyo

all but SN

| v ) . ’
/ , .
7 " N, ! 3
all butHo I SN / « ] U -
\ /," 7

gives back

Number density, N,

Bottome Line: Cosmology seems to suggest 5 neutrinos (2 extra):;
but Ly-alpha are mainly driving the suggestion.




O + iku® = —® — ikul — 7[00 — © + pup — 1/2 Pa(p)1I]

+:d7—/dn:—neaTa II=054+06ps+06p

Op +ikpOp = —7 Op +1/2 1 — Po(p) I

dem + ok, = 3u
7 M’ .
a

a I
i+ —v, = ikl F .
4, Zib [b 1}

!.b —+ ”,(Vb o —3(13 R =3pp /407 }
R

#
= 4 Gya’® "t t 4" H

k° (@ +0) =! 327rGna’pr O

3

Massive particles,
interacting among themselves

and with neutrinos
(i.e.non freely streaming).

%

A fluid defined by 0y, Uy,
with w = 1/3 when rel,
w =0 when NR.

Contribute to the Rel/NR
energy densities.

metric




