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Monsters in Modern Cosmology

-Dark Energy

-Inflation

-Baryonic Matter

-(Cold) Dark Matter

-Neutrinos
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Dark Energy Parametrizations
(Just a Few...)

w(a) = w,

w(a) =w, +w,(1—-a)

a’+a/

w(a) = W,w
@ " wat +wyal

Wo

wia)=— W, + (1+ wy)a )

Wanilla Parametrization

CPL Parametrization

Hannestad Mortsell
Parametrization

Unified Models:
Chaplygin



When did Cosmic acceleration
start?

In cosmology we can define two very important epochs:

Redshift and Time of
Matter-Dark energy equality Qy (Zoq) = Q4 (o)
t(z,)

Redshift and Time of (2 )-8
onset of cosmic acceleration Woae) =722
1(Z,e)

Those two epochs can be different, for the case of a
cosmological constant we have:

1/3
Z..=2 (14 zeq)—l

But we may have a different relation for different dark
Energy models...

(Zacc) = 0
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When did Cosmic acceleration
start?

Dataset Zog |bo — teq Zaee |ty — Lace ta Model Zeg |to — teg Zaee |tn — tace to
WMAP+ [Gyrs] [Grys]| [Gyrs] [Gyrs] [Grys]| [Gyrs]
Alone (0471500 (47500 (086 14 | 70005 13.81 00 w# ~1 0481007 | 4.9t03 Ip g1 oot ggthtigggthl
+5DSS  |0.4075 5 (43005 (0770 | 6.0 | 1380 Reor 1 |0.3205 0| 30755 (06855 0| 6.9755]15.10
+2dF 0487008 | 48105 (08T TG R 1380 dnfdink £ 0037000 1 4.1 020720000 [ 660014010 )
+GOLD (0381500 [ 41001074 000 667001138105 WY, #3 (0400000 4300077 IO 00| 680 140t

+SNLS  |0.457000 | 4.6705 0831000 | 69700113840 Bm, >0 (0375000 {42400 0735000 | 6700 {1410
+all 0407505 (43005 (0760 0n ] 6.7005(18.000

TABLE II: Constraints on 2z, t.,, Z. and .., at 68%
TABLE I: Constraints on Zegs beqs Zace and tyee, at GRS c.L, under l’.l.'iﬂﬂ'l‘]llg theoretical assumptions for the under-

cl., in comparison with various datasets for ACDM. lying cosmological model.
Results are reasonably consistent Model Zeq *"[E; ;5 Zace [to [;}*;;3 . F;]
between datasets (tension w# 1004307 | 45°0°[0.79°007| 6.5/02[13.8°0]

between 2dF and SDSS) and DE CPL  |0.44751;| 45505(0.8075,7| 6.8157 139753

HM (0457510 | 4620 7(0.79%0 11| 6.740% [13.9%03

par‘ame’rmzafnons. . 3Q T g0 0s | ggrd|yg g0
Age constraints change a lot if you

. A 3 iEtrain 1 ey Zaee it fope
include extra hot dark matter or 1 o ifforont et ot i matune
Cur.va.l.ur.e of the dark energy component.

AM, Luca Pagano, Stefania Pandolfi arXiv:0706.131
Phys. Rev. D 76, 041301 (2007)



Bayesian Model Selection

Current cosmological data are in agreement with more complicated
Dark energy parametrizations, but do we need more parameters ?
More complicated models should give better fits to the data.

In model selection we have to pay the larger number of parameters
(see e.g. Mukherjee et al., 2006):

E=P(D|H)= fp(f) O,HPO.H
Evidenc/; / Pr\or

Likelihood

Jeffrey(1961):
1<AIn(E)<2.5 Substantial
2.5<AIn(E)<5 Strong
5<AIn(E) Decisive



Constraints
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Current data:
“Substantial”
Evidence

for a cosmologicc
constant...

P. Serra, A. Heavens,
A. Melchiorri
Astro-ph/0701338
MNRAS, 379, 1,169
2007



A direct proof for modified gravity ?

v

"“Jou WANT PROOE? 'L GIVE. Yo PROOF!"



Too much lensing in the CMB ?

Weak Lensing is related
to the growth and
amplitude of CDM
Perturbations.

ACBAR data seems to
Suggest 3 times more
Lensing than expected.

Systematics ?
Modified Gravity ?
LCDM excluded at 2.56

Calabrese, Slosar,
Melchiorri, Smoot,
Zahn, arXiv:0803.2309
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Monsters in Modern Cosmology

-Dark Energy

-Inflation

-Baryonic Matter

-(Cold) Dark Matter

-Neutrinos




fokande

.........

.............

................

= SNtk kR ki R

. - v v v r <le
- . A - P ,.--m_._::"‘.'.;f‘-‘_ .... - e Y
. f [ ' S — — —— » oy
L h .........' ‘ v

!l

-

#
4

4
: l’!"!”
TR R T
} ’_e‘_l, 1]
3 ‘ " I
f i i b I
. . ,;L" ¥ [ f
.
r ' 4 ] ,
L
s ’ "
3 : 4
& 3 AI_ff"




SNO




STATUS OF 2-3 MIXING
(ATMOSPHERIC + K2K)

6 LI I LILELEL I LI

N; ]
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c? i
o
NE 2_
g9 L
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 0.25 0.5 0.75
. 2
sin 6

Maltoni et al. hep-ph/0405172

STATUS OF 1-2 MIXING
(SOLAR + KAMLAND)

1.2x10™
b)

Ix10* |~

N/‘\
>
(5}
N
|
61 0_5 | KamLAND+Solar fluxes
B 95% C.L.
99% C.L.
- 99.73% C.L.

B global best fit

4x107°

Araki et al. hep-ex/0406035



If neutrino masses are hierarchical then oscillation experiments
do not give information on the absolute value of neutrino masses

1E [ [Eaaaaanni v
_1 :

—~ 10 3 <
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Normal hierarchy

m,>m,>m

10

m;—m, (eV)
8|
N
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104!
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_3:

Inverted hierarchy

m, >m, >m,

Moreover neutrino masses can also be degenerate

ml’ rn2’ m3 >> 5matrmspheric



Laboratory bounds on neutrino mass

Experiments sensitive to absolute neutrino mass scale :

Tritium beta decay: Best fit gives a

negative mass !l

1/2
My = (Z‘U ei‘zmizj 0'05? o Mainz 94 dote
! 0‘045_} = Mainz 98/99 dato
0.04] — fit for m,2=0
m; =-1.2+3.0 eV ?*(Mainz) % 0.035; %
© I Fo
m2=-23+3.2 &V %(Troi e
B (Troitsk) 2 0.025} b » + $ o
0.02?— Four |
m,<18 eV (20) o T
00kB5 7856 ~ 185/  15.58

retarding energy [keVl



Bounds on neutrino mass

Experiments sensitive to absolute neutrino mass scale :

Neutrinoless double beta decay (only if neutrino are
majorana particles!):

2
Mpp = Zueimi

Neutrinoless doule beta decay processes have been searched in many
experiments with different isotopes, yielding negative results.
Recently, members of the Heidelberg-Moscow experiment have
claimed the detection of a 0v2f signal from the “Ge isotope.

If the claimed signal is entirely due to a light Majorana neutrino
masses then we have the constraint:

0.17 eV <m,, <2.0 eV (30)



Cosmological Neutrinos

Neutrinos are in equilibrium with the primeval plasma through weak
interaction reactions. They decouple from the plasma at a femperature

T,..~1MeV

dec
We then have today a Cosmological Neutrino Background at a temperature:

1%

1/3
T = (%) T, ~1.945K — KT, ~1.68-10%eV
With a density of:

n, = Ei::’) g T’ —n, . ~0.1827 -T’~112cm™
4 r <k
That, for a massive neutrino translates in:
m
nV V| m 1 m Z ‘
Q = — AN > k= Q h*=_KX
o, h?92.5eV 92.5eV




CMB anisotropies
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CMB Anisotropies are weakly affected by massive
neutrinos. However they constrain very well the

matter density and other parameters and, when
combined with LSS data can break several degeneracies.



Galaxy Clustering: Theory

5(11::: <§(;tE(+F,tE P(k’t): jd3r§(,tEiEoF
é:galaxies (’t:: bzdj (11::
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Tegmark et al. 2003
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2 pages Explanation

A classic result is that if all the matter contributing to the Cosmic density is
able to cluster, the fluctuations grow as the Cosmic scale factor:

o~ a
If only a fraction Q, can cluster then the equation is generalized to
3/5
o~a’ P

In the radiation dominated era p=0 and so we don't have clustering.
In the recent A-dominated epoch again, p=0. Fluctuations grow only in the
matter dominated epoch with a net growth of

p
an |~ 47007

Ayip



Massive non relativistic neutrinos are unable to cluster on small scales because
of their high velocities. Between matter domination and dark energy
domination they constitute a roughly constant fraction of the matter

density:
fV = 1 o QV

Since the neutrino number density is determined by standard model neutrino
Freezeout, the fraction is a function of the sum of the 3 neutrino masses:

~ MV
Y QR x92.5eV

The net fluctuation growth factor is therefore given by:

P
("AD} ~ 47007 ~ 47000 ~ 47007

Ay

The power spectrum is the variance of fluctuations in Fourier space, so
Massive neutrinos suppress it by a factor:

Pk, f,) = e P(k,0)



The lenght scale below which

Neutrino clustering is suppressed

is called the neutrino free-streaming
scale and roughly corresponds to the
distance neutrinos have time to travel
while the universe expands by a factor
of two. Neutrinos will clearly not cluster
in an overdense clump so small that its
escape velocity is much smaller than
typical neutrino velocity.

On scales much larger than the free
streaming scale, on the other hand,
Neutrinos cluster just as cold dark
matter.

This explains the effects on the power
spectrum.

P(k) (h~3 Mpc?)

0.1
k (h Mpe™! )

1




..but we have degeneracies...

I T TTTTI I 1T T IIII I | I:
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Likelihood

L L I Ll I
—— WMAP Only

1.2r ——— WMAP+SDSS '
I — WMAP+SDSS+SN-Ia (Riess)+BBN+HST
——— WMAP+SDSS+2dF+SN-Ia (astier)+BAO
1,0 ——— WMAP+SDSS+2dF+SN-la (astier)+BAO+Ly-a |
0,8 _
0.6 ]
0.4 -
0,2 -
0,0 h 1 L 1
0,0 0,5 1,0 1,5 2,0 2,5

=m, [eV]

3,0

Bounds on X for increasingly rich data sets (assuming 3 Active Neutrino model):

Case Cosmological data set 3} bound (20)
1 WMAP < 23¢eV

2 WMAP + SDSS & L2V

3 WMAP + SDSS + SNpgjess + HST + BBN 20,78 eV

4 CMB + LSS + SN astier < 0.75 eV

5 CMB + LSS + SNastier + BAO < 0.58 eV

6 CMB + LSS + SNagtier + Ly-o < 0.21 eV

T CMB + LSS + SNastier + BAO + Ly-o < 0.17 eV

Fogli et al., Phys. Rev. D 75, 053001 (2007)



Particle
Data
Group, 2008
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20 bounds from .

- // e v oscillation data
: ol | e B decay
LN S / o4 o Ov28 deca
= - ] y
e : A g 1 o cosmology
(ev) - ol
10_25— =
g 76 5432 1 normal hierarchy

——— inverted hierarchy

Klapdor's
claim

M4 (eV)

Fogli et al., Phys. Rev. D 75, 053001 (2007)



v oscillations + cosmology (all)

95 % C.L. (1 d.o.f)

1

> (eV)

Fogli et al., Phys. Rev. D 75, 053001 (2007)
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Equation of State w
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rm, [eV]

Axel De La Macorra, Alessandro Melchiorri, Paolo Serra, Rachel Bean
Astroparticle Physics 27 (2007) 406-410



What about N=3+1 (massive) ?



N =4272 [ 7RO
V

10 -

- - LSND 90% and 99% CL

= T S
e

[eV]

LSND

Am

——- 95% CL bound N
— 99% CL bound !

0.1

T 1T |
-
L1 11 |

| IIIII| [N | III|

10" 10

"

9i1‘132ElLSND
Controversial results from LSND seemed to suggest a 4th
sterile neutrino (not favoured by oscillation experiments.
NO ALLOWED REGIONS EXIST FOR LOW AmP.

(Pierce & Murayama, hep-ph/0302131; Giunti hep-ph/0302173)



What about a fourth massive sterile neutrino ?

CMB+2df+
: Sloan+Ly-a

el
3m

m, <O 23 e\; at
950/0 CI

Dodelson,
Melchiorri,
Slosar,
Phys.Rev.Lett.
97 (2006) 04301
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sIn®(26) upper limit

— MiniBooNE 90% C.L.
---- MiniBooNE 90% C.L. sensitivity
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Miniboone results, April 2007 “"excludes” LSND



Butts on the line
"The implications were staggering," says Scott Dodelson at Fermilab.
"Cosmologically, we decided (Dodelson, Melchiorri, Slosar, 2006) there
should not be a sterile neutrino, so to some extent, our butts were on the
line."

New Scientist, April 2007



What about a thermal axion component ?

Relic thermal axion 0.3 | | |
could play the role of a
Hot dark matter
Component.
0.2 —
3
,om, ( 10 j g
a _ E
131eV | gs(T}) . ]
m, <0.42eV at95% c.l
(all cosmological data) 1) SNSRI B E—

0 0.2 0.4
m, [eV]

m, <0.38eV at95% c.l.

(Cl” Cosmological da'l'a Melchiorri, Mena, Slosar
N . . 1 2
Plus H.I. for neutrino masses) Phys. Rev. D 76, 041303(R) (2007)



CAST

CERN Axion

10_7 E T T T TTorT T o LB R |

10-8 =

CAST phase I

10~ =

lﬂ-jg Ll [ L1 1 1
10-% 10— 10-3 10-2 10-! 100 1o
m, (eV)

Melchiorri, Mena, Slosar
Phys. Rev. D 76, 041303(R) (2007)



Do we have neutrinos in cosmology ?



Interesting possibilities for N, different from 3:

Presence of EXTRA RELATIVISTIC RELICS like sterile n's (thermalized
or not), axion, light gravitinos, majoron, extra-D...

Non-Standard NEUTRINO DECOUPLING
» standard model (non-instantaneous) :
- ee* annihilation heats v's
- finite T° QED corrections N, = 3.0395
> exotic models (out of thermal equilibrium)
- N, = 3.04 e.g. low-scale (MeV) reheating

Non-Standard Big Bang Nucleosynthesis
sBBN : 2 free parameters {Q h?, N, }

- Q,h? =0.022 £ 0.004 (20)

- N,=25%11 (20)

test v—v asymmetry, i.e. neutrino chemical potential

S




neutrino light component: effects on the CMB

Damping Env. Smaller Angles —»

Potential Env.

1(+1)C,

| L':K" = lag 'IL;. - lgi‘

Qi Q4 Qh? Qph?

Iak % + - . #------- # Late [SW
ley t ¥ t . o————e EarlyISwW
la 1 ¥ + + »—= Eff. Temp.
o 1 ¥ ¥ 4 e -------o Doppler

Hu, Sugiyama, Silk, Nature 1997, astro-ph/9604166



Integrated Sachs-Wolfe effect

while most cmb anisotropies arise on the last scattering surface, some
may be induced by passing through a time varying gravitational
potential:

ST linear regime - integrated Sachs-Wolfe (ISW)
—=-2 J‘d 7O (‘ non-linear regime - Rees-Sciama effect

T

when does the linear potential change?

V:Dd=4rGa’ )(_) %) Poisson's equation

» changes during radiation domination
- decays after curvature or dark energy come to dominate (z~1)



Effect of Neutrinos in the CMB: ISW

Changing the number of neutrinos (assuming them as massless) shifts
the epoch of equivalence, affecting the ISW:

900 . - ) . L T
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= N = 4 ‘ :II -
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Increasing the Neutrino
Massless number postpone the
equivalence (while keeping
constant the time of
decoupling).

This produces a shift in the
CMB power spectra since
changes the sound horizon at
decoupling.The height of

the first peak is also increased
thanks to the Early Integrated
Sachs-Wolfe.The LSS matter
power spectrum is also shifted
since the size of the horizon
at equivalence is now larger.
There is less growth of
perturbations in the MD
regime.

I1+1)Cy2x K]
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9+ CMB4+5SN-la4+HSTHLSS -

Mangano, Melchiorri, Mena, Miele, Slosar JCAP03(2007)006



O

CMB+L55+5N-1a+H5T+BAO+Ly-cx

BEBN

0,021 0,022 0,023 (3,024

Mangano, Melchiorri, Mena, Miele, Slosar JCAP03(2007)006



Age of the Universe

CMB data are able to tightly constrain the age of the Universe (see e.g.
Ferreras, AM, Silk, 2002). For WMAP+all and LCDM:

1
t, =9.8H," | M _13.84+0.23 Gyrs » 13.8340.3 Gyrs
0 \/Qma+ Q.a" +Q, (if wis included)
250 T T T
ool Direct
l and "model
L independent”
< 150 .
7 age aestimates
[ have much
= 00 larger
I
I 1 error bars |
S0 1 Not so good
: Aeom 1 for constraining
o . oy
0.0 0.5 1.0 1.5 2.0 D E

Spergel et al., 2007



Age of the Universe

..however the WMAP constrain is model dependent.
Key parameter: energy density in relativistic particles.

Oy = a);/ + Nfﬂ @, > tO :138i§2 GyrS
300:""'----'--------:\
250 : Error bars
: on age
2007 a factor 10
= 15 larger when
- Extra
100¢ Relativistic
sof ] particles are
: Included.
0- 1 1 |

0.0 0.5 1.0 1.5 2.0

F. De Bernardis, A. Melchiorri, L. Verde, R. Jimenez, JCAP 03(2008)020



Independent age aestimates are important.
Using Simon, Verde, Jimenez aestimates plus WMAP we get:

N =3.7+1.1

0.0

-0.51

log(L)—max(log(L))

F. De Bernardis, A. Melchiorri, L. Verde, R. Jimenez, JCAP 03(2008)020



WMAP 5-year Cosmological Interpretation av

[ | WMAF+BAG+5N+H5T

Latest results from WMAPS N>O at 95 % c.l. from
CMB DATA alone (Komatsu et al., 2008).



Massless neutrinos, like photons, have anisotropies which follow a
Liouville differential equation:

ot y, Ot
ot aox

_Zhjk7j7/k =0

As in the case of photons, these anisotropies can be computed
integrating a hierarchy of differential equations.



Can we see them ? 20 r—rrrm
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Hu et al., astro-ph/9505043
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Not directly!

But we can see the
effects on the

CMB angular
spectrum |

CMB photons see
the NB anisotropies ~,
through gravity.

Neutrino

— Boltzmann
- ——-Fluid

10O 100

1000




Standard Model

-6 300

TIuK]

Stmulation showing the distribution on the sky of temperature fluctuations
in the Cosmic Microwave Background with nentrinos as in the Standard Model,

Contribution from neutrine ripples

~30.0

30.0

T K]

The net effect on the Microwave Background of the presence of neutrino ripples, interpreted as
the signature of the existence of neutrine fluctuations as predicted in the Standard Model,



The Neutrino anisotropies can be parameterized through the "speed

viscosity” cvis. which controls the relationship between velocity/metric
shear and anisotropic stress in the NB.

\
i R
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!
: .......... GDM Cyig = 1/!? l|
s Neutrinos ‘

(AT/T)? (x10719)
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I 1 1 1
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Hu, Eisenstein, Tegmark and White, 1999



Current CMB+SLOAN 1.05;
data provide evidence
at 2.4 o for anisotropies i
in the Neutrino ="
Background. 0.95
Standard Model o.k. N
R. Trotta, AM 0.97 = '
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Komatsu et al.
2008
WMAP5 paper

(B8% and 95% CL), showing a strong degeneracy between (1, A% and Nyg. This de-geﬁeral:':}r line is given by the Ef|LlE.|[i.}" redshift, 14 2eq =
Tln f1e = (4,050 = ]l]‘*;![]mh."’f{l + 0.2271N.p ). The thick solid lines show the 68% and 95% limits caleulated from the WMAP-only limit

On Zeg! Zeq = 3141715 (88% CL). The 95% CL contours do not follow the lines below Nep ~ 1.5 but close there, which shows & strong
evidence for the cosmic neutring background from its effects on the CMB power spectrum via the neutring anisotropic stress. The BACO and
AN provide an independent constraint on {4k, which helps reduce the degeneracy between Nog and iy i, [Middle) When we transform

the horizontal axis of the left panel to zeq, we observe no degeneracy. The vertical solid lines show the one-dimensional marginalized 685

and 95% distribution calculated from the WMAP-only limit on 2eq: 2eq = 31417 :E“T (68% CL). Therefore, the left panel is simply a rotation

of this panel using & relation between zaq, {wh®, and N.gr.n{gf{ighfj COne-dimengional marginalized digtribution of Ver from WMAP-only
and WMAP4+BAOLSN4HST. Note that a gradual decline of the likelihood toward Nog E 6 for the WMAP-only constraint should not be
trusted, as it is affected by the hard prior, Nog < 100 The WMAP+BAO4+SN4HST constraint is robust. This figure shows that the lover
limit on N.g is coming solely from the WAAP data. The 68% interval from WMAPH+BAO4+SN4HST, Nog = 4.4+ L5, i consistent with
the atandard value, 3.04, which is shown by the vertical line.

The distance information from BACQ and SN provides
us with an independent constraint on 2,42, which helps
to reduce the degeneracy between zo, and {2, A%

The anisotropic stress of neutrinos also leaves
distinct  signatures in the CMB power spectrum,
which is not degenerate with 0,47 (Hu et al. 1995
Bashinsky & Seljak 2004). Trotta & Melchiorri (2005)
(see also Melchiorri & Serra 2006) have reported on evi-
dence for the neutrino anisotropic stress at slightly more
than 95% CL. They have parametrized the anizotropic
stress by the viscosity parameter, ¢, (Hu 1998), and
found €2, > 0.12 (95% CL). However, they had to com-
bine the WMAP l-year data with the SDS5 data to sec
the evidence for non-zero 2.

In Dunkley et al. (2008) we report on the lower limit
to Neg solely from the WMARP 5-year data. In this paper
we shall combine the WMAP data with the distance in-
formation from BAO and 5N as well as Hubble's constant
from HST to find the best-fitting value of Neg.

6.2.3. Results

Figure 18 shows our constraint on N.g. The contours
in the left panel lie on the expected linear correlation
between {1, h* and Nug given by

Q.h% 3139
01308 1+ 2o *

which follows from equation (83). (Here, (0mA® = 0.1308
and z., = 3138 are the maximum likelihood values from
the simplest ACDM model.) The width of the degener-
acy line is given by the accuracy of our determination of
Zug, which is given by zeq = 31417120 (WMAP-only) for
this model. Note that the mean value of 2., for the sim-
plest ACDM model with Neg = 3.04 is z.q = 31761130,
which is close. This confirms that z., is one of the fun-

Neg = 3.04 4+ 7.44 ( (84)

damental observables, and N.g is merely a secondary pa-
rameter that can be derived from zeq. The middle panel
of Fig. 18 shows this clearly: z., is determined indepen-
dently of Ng. For each value of Ng along a constant z.,
line, there is a corresponding 0, A% that gives the same
value of 2., along the line.

However, the contours do not extend all the way down
to Neg = 0, although equation (84) predicts that N
should go to zero when 0, h% is sufficiently small. This
indicates that we are seeing the effect of the neutrino

anisotropic stress at a high significance. While we need
to repeat the analysis of Trotta & Melchiorri (2005) in
order to prove that our finding of N.g > 0 comes from
the nentring anisotropic stress, we believe that there is a
strong evidence that we see non-zero Nz via the effect
of neutring anisotropic stress, rather than via z

While the WMAP data alone can give a lower limit
on Neg (Dunkley et al. 2008), they cannot give an up-
per limit owing to the strong degeneracy with £, k%,
Therefore, we nse the BACQ, SN, and HST data to break
the degeneracy. We find Nog = 4.4 £ 1.5 (68%) from
WMAP+BAQO+SN+HST, which is fully consistent with
the standard value, 3.04 (see the right panel of Fig. 18).

T. CONCLUSION

With 5 vears of integration, the WMAP temperature
and polarization data have improved significantly. An
improved determination of the third acoustic peak has
enabled us to reduce the uncertainty in the amplitude
of matter fluctuation, parametrized by 75, by a factor
of 1.4 from the WMAP 3-year result. The E-mode po-
larization is now detected at 5 standard deviations (c.f.,
3.0 standard deviations for the 3-vear data; Page et al.
2007), which rules out an instantaneous relonization at
Zrsion = B at the 357 level. Owerall, the WMAP 5-
year data continue to support the simplest, G-parameter



De Bernardis, Pagano et al., in preparation.
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What about the future ?

Meff

Flanck only
Planck+Dune

De Bernardis, Pagano et al., in preparation.
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Conclusions

¢ Current CMB and LSS data are in very good agreement with the
standard scenario. Limits on Nv are still weak, Sensitivity comparable
to BBN is possible in the very near future. If Lyman-alpha are included
there is "some" suggestion that N>3.

+ Cosmological constraints on neutrino mass are rapidly improving.

If one includes Ly-alpha then <0.17 eV. Tension with the Ovpp
results.Fourth sterile massive neutrino if thermal is constrained to be
m.«<0.25eV. Cosmology not compatible with LSND and OvBp(Klapdor).
Compatible with latest MINIBOONE :-)

+ Correlations with other possible HDM components (axions).

+ All those results can be tested in the very near future by Laboratory
experiments.



