smology”
pt. 429 (2006) 307-379, astro-ph/0603494
- Strumia, Vissani,hep-ph/0606054

in collaboration with;

A.Strumia (Pisa) I
Y.Z. Chu (Yale, CWRU) v
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The Universe is made of: : .
and

103 102
@\%@ redshift 1+z  rp

kBBN A LSS
(4 min) CMB (1-10 billion y)
(400 million y)

Neutrinos are significant because:
- main component of the rel energy density that sets expansion rate of the Universe
- (ordinary neutrinos have a mass, so) turn from Rel to NRel at a crucial time
- may free-stream or interact among themselves, or with new light particles

[thanks to M.Frigerio]



So what “neutrinos”?

O O]
" N——
3 ordinary, extra light degrees of freedom,
SM neutrinos very weakly coupled to SM forces

S0 what properties are probed by cosmology?

- neutrino number
- total neutrino mass

- non-conventional interactions

What are the relevant cosmological probes?

- BBN (T ~ MeV, flavor is important, primordial plasma)

- later cosmology i.e. CMB+LSS (T SeV R m,, gravity is the only force)

Cosmological data are (mostly) not sensitive to:
M1 2,3 (OF Am2..i.), CP—violation...

Hactive ’ active
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Neutrinos affect the primordial production of light elements.

Ny,

‘He
D/H

SHe
T

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



Neutrinos affect the primordial production of light elements.

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



Equation for neutron/proton ratio:

dl' dr

e e 5= [ ol —i) — T Ll 55

dt d

weak interactions

NnE——>pP1+re —+ Vs

R+ Vs $—>D 1€

Hubble parameter

depends on n -+ €+ —— P + 1,.
total energy density

| 81
H = ?GN Prel

depend on V. and U/, densities

more neutrinos = faster expansion
depletion of v, density = modified weak rates




Compare BBN output with observations:

Determinations of 2 025 o 0.25

primordial “He are =
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are currently less useful.)
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e.g. M.Cirelli, astro-ph/0410122

a early work by Pagel ‘92
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e Izotov, Thuan ‘99
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g Peimbert et al. ‘00
h Peimbert et al. ‘01

i PDG ‘02

I Izotov, Thuan ‘03

m Olive, Skillman ‘04
n PDG ‘06

o Peimbert et al. ‘07

p Izotov, Thuan ‘07




Compare BBN output with observations:
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Compare BBN output with observations:
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Damw L’He W CME7 Yes, but not yet competitive.

Yp =0.326 +- 0.075
Yp = 0.813 +- 0.044



Compare BBN output with observations:
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So what “neutrinos”?

O O]
" N——
3 ordinary, extra light degrees of freedom,
SM neutrinos very weakly coupled to SM forces

S0 what properties are probed by cosmology?

- neutrino number
- total neutrino mass

- non-conventional interactions

What are the relevant cosmological probes?

- BBN (T ~ MeV, flavor is important, primordial plasma)

- later cosmology i.e. CMB+LSS (T SeV R m,, gravity is the only force)

Cosmological data are (mostly) not sensitive to:
M1 2,3 (OF Am2..i.), CP—violation...

Hactive ’ active
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Neutrinos affect (indirectly, i.e. gravitationally) the evolution
of cosmological perturbations in radiation and matter.

cosmological
perturbations

evolutlon

&dF, SDSS, Ly-A
AS? H07 T g



Neutrinos affect (indirectly, i.e. gravitationally) the evolution
of cosmological perturbations in radiation and matter.

cosmological

perturbations
evolutlon

2dF, SDSS, Ly-A

A87H07n3

Cirelli
Strumia
2006



Dodelson’s (Chicago, 2003)
notations

/\/\/

400 600 800 1000 1200 1400
Multipole ¢

Power spectrum

107! 10°
‘Wavenumber k in i /Mpc

2o +32 (6wl
a a

K2 (P + V) = —32rGna’ Pr@r,z

metric




(=cosmological perturbation theory in one slide)
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k2 (® 4+ 0) = —32nGna’p:O:



(=cosmological perturbation theory in one slide)
O + ikp® = —& — iku¥ — 7[0g — © + pwp — 1/2 Py ()]

T =dr/dn = —n.ora II = ©3 +Ops +Opg

Op + ikuOp = —7[0p + 1/2(1 — Pa(p))11]

a

Vdm + —Vdm = —1kW

Sdm + kg —-3(13
: Cg X fdk[] @g(k)

_ 5,0dm

Pdm
and velocity Udm P(k) X <5m(k)2>

Wm%“‘%g ‘
|

5dm

+
N
.

a

2 (s o2\ _ 2
k°® +3- <<I> o ) = 471G Na” | praOm + 4916 ] } e
k2 (® 4+ 0) = —32nGna’p:O:



(=cosmological |

O+ ikp® = —® — ikl — 7[0
b =dr

© p+1ku®Op = —7 [@P i 2(1"

5dm + kg —3(13

Vdm + gvdm = — kW
a
5]0 + 1kvuy, = —3(13 R = 3pp/4p5
- :
Uy, + —vp = —tkW + & [’Ub + 32@1]
a R

Thomson scattering

e y—e vy

k2P + 3% (cb —~ m%) = 4rGNG® | pmOm + 4p:0; ]

k2 (® 4+ 0) = —32nGna’p:O:

metric



(=cosmological perturbation theory in one slide)
O +ikp® = —® — ikp¥ — 7[60g — © + pvp, — 1/2 Po(p)11]

T =dr/dn = —n.ora II = ©3 +Ops +Opg

Op + ikuOp = —7[0p + 1/2(1 — Pa(p))11]

a

Vdm + —Vdm = —1kW

Sdm + kg —-3(13
Cg X fdk @g(k)

Al scalar metric perturbations: g, = T)yv + 577M,/(\If, (I))

. 0 0 0
' a2(1 + 20) 0 0
= 0 a?(1 + 20) 0

0 0 a?(1 +

P(k) o< (dm(k)*)
[,

N

20)

Fourier: W(z,t) — V(k,n)
T,

O(7,t) — O(k,7)

k2P + 3= <<i> —~ \119) = 4rGNa® | pmOm + 4016, ]
a a
k2 (® 4+ 0) = —32nGna’p:O:

metric



(=cosmological perturbation theory in one slide)
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Massive neutrinos affect the growth of matter perturbations during MD:

5 dm —|— 5dm ~ ArGna ,0m5 (Newton equ.)
massive neutrinos contrlbute \ 0, = 0 because neutrinos
to evolution of a w.r.t. time free stream on small scales

Effect: suppression of matter power spectrum at small scales:

/2
* knr = 0.018 € o <Zf7u> ho Mpe™?
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Massive neutrinos affect the growth of matter perturbations during MD:

0dm T+ % Sdm ~ 47G N &Q,Om Om (Newton equ.)
i

massive neutrinos contribute 0, = 0 because neutrinos
to evolution of a w.r.t. time free stream on small scales
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N, sets the total relativistic energy content and affects the peaks of
CMB (and LSS) spectra:
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N, sets the total relativistic energy content and affects the peaks of

CMB (and LSS) spectra:

g determination of /V,, :

i
= (global fit)
N, = 4.34 4+ 0.80
O
: 00 OC
but dropping Ly-(x gives back
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Many models postulate non-conventional neutrino interactions:

Owr_mwQO

Neutrinos become “Sticky”: free-streaming is prevented,
form a tightly coupled fluid at CMB.

Additional Boltzmann equations for the
sticky fluid component:

0y +i5kv, = —49
(U + 2Ky = —ikU
CMB and LSS peaks are modified.

3 free neutrinos
- = = = 3 sticky neutrinos
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Quantitatively:



Many models postulate non-conventional neutrino interactions:
O w0

Neutrinos become “Sticky”: free-streaming is prevented,
form a tightly coupled fluid at CMB.

90, 99, 99.9% CL global it Additional Boltzmann equations for the
(2 dof) sticky fluid component:

0y +iskv, = —40
(U + 2Ky = —ikU
CMB and LSS peaks are modified.
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- Cosmology is a (the most) sensitive probe
of many neutrino properties (use BBN, CMB, LSS etc...).

Results are becoming solid but there are puzzling surprises.
- Current status:

N, ~ 3.1 £ 0.6 1=
Z m,. < 0.40 eV (CMB+LSS incl Ly-«,
: at 99.9% CL)

g 3 sticky v excluded HEZ:Led

- . - better “He for NV, , PLaNnck Wwill determine /V,, within 0.26
- sensitivity > " m,. ~ 0.03 eV (weak lensing): sure detection!
- PLaNck Will test 1 sticky v at 4 o

Friedland et al. 2007

N, = 4.34 £ (.80 FgeaYusEansicy

~ 1 sticky v allowed
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