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What is the Universe made of?

Standard Model Beyond Standard Model
» Photons (CMB) » Cold Dark Matter
» Baryonic matter

» Dark Energy
» Neutrinos (CvB) » other stuff?
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What is the Universe made of?

Standard Model Beyond Standard Model
» Photons (CMB) » Cold Dark Matter
» Baryonic matter

» Dark Energy
» Neutrinos (CvB) » other stuff?

Weakly interacting light particles — radiation
» axion
» sterile neutrino

» light gravitino
> ...
J. Hamann (TU Miinchen)
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Cosmic Radiation Density

Pr = 157T2T4[1—|—£Neff(T/T):|

» Neii: Effective number of relativistic ("neutrino") dof

» Instant decoupling: T, = (11)1/3 T,
» Exact SM expectatlon. Neff ~ 3.04 [Mangano et al.: 2001]
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Cosmic Radiation Density

pr= e m? T [1 +1 eff(T/T)}

» Neii: Effective number of relativistic ("neutrino") dof

> Instant decoupling: T, = (£)"° T,
» Exact SM expectatlon. Neff ~ 3.04 [Mangano et al.: 2001]

Probing Ny at different epochs

BBN [O(100 keV)] Matter-radiation eq. [O(eV)]
Helium fraction CMB anisotropies
2.10 < NBBN < 4.46 Large Scale Structure

[Cyburt et al.: 2004]
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Effect on CMB Angular Power Spectrum

» Ny affects time of matter-radiation equality, sound horizon
at decoupling — shifts CMB peaks
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Effect on CMB Angular Power Spectrum

» Ny affects time of matter-radiation equality, sound horizon
at decoupling — shifts CMB peaks
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» Degeneracy between Ny and (h, Q,,h?, and normalisation)
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Results of post-WMAP3 Analyses

95% c.l. (“20”) intervals
» 36< Ny <74 [Seljak, Slosar, McDonald: 2006]
» 3< N <7 [Cirelli, Strumia: 2006]
» 0.9 < Ny <82 [Ichikawa, Kawasaki, Takahashi: 2006]
> 2.7 < Nyt < 4.6 [Hannestad, Raffelt: 2006]
» 3.1 < Ngt < 6.2 [Mangano, Melchiorri, Mena, Miele, Slosar: 2007] |

New physics?!
Or just systematics?

J. Hamann (TU Miinchen) Constraining the Cosmic Radiation Density Brighton, August 22



Construction of Credible Intervals

TT T T
WMAP+SDSS-DR2-1in

Bayesian CCI | Bayesian

1 "What are the most likely values?"
Posterior — marginalisation

» Central interval < median

» Minimal interval < mode

0.4 F

Pg’arge/prnf(Neff)
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Construction of Credible Intervals

TT T T
WMAP+SDSS-DR2-1in

\ Bayesian CCI | Bayesian
N | "What are the most likely values?"
Posterior — marginalisation
» Central interval < median
» Minimal interval <~ mode

Pg’arge/prnf(Neff)

Non-Bayesian

"Which values fit the data well?"
4 Likelihood — maximisation

» Ax? = N? determines

N "No"-interval
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Degeneracies and Ly-«
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Constraining the Cosmic Radiation Density

» Ly-a data prefers
high values of
normalisation

[McDonald et al.: 2006]

» Bias towards larger
values of Ny (and
Qchza h)

Brighton, August 22



Galaxy Power Spectrum and Non-linearities
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» Nonlinear effects at scales kK = 0.1 h/Mpc
» Conservative approach: fit only large scale data
» More speculative:

2

K2
Pg(k)_b 1 —|—Agk dm

[Cole et al.: 2005]
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Corrections to the Linear Power Spectrum

1 + Qn| k2 lin

7Dg(k) - b2 1 +Agk dm(k)

» Fitted to (vanilla!) simulations
» May not apply to all surveys (problematic with SDSS main)
[Cole, Sanchez: 2007]

» Introduce new degeneracy (between Q. and Ng)
— bias for non-flat priors on Q
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Our results

Bayesian CCI
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eff 68%, 95%|

(1) 68%1, 05%1

Maximisation

X 1o, 201
Nett 15 201

Data 02<h<20 04<h<10 02<h<20 04<h<10 02<h<20 04<h<10
WMAP 275 % 58501 Ts 3993 06 o6
+SDSS-DR2-Q 143% 7, %o ol
1 SDSS-DR2-lin 11252, s o
F2dE-Q 7 5.0
+2dF-lin e o
+SDSS-LRG-Q o os
+SDSS-LRG-lin 57 i3
+BAO oa o
+SNIa 0 o
+HST s o
fLya 6.8 5% 4% 3%
Alllin 08
All-lin+HST :?
AlLQ - - — o6

All-Q+HST
Al-Q+Lya

Al-Q+Lya+HST

5948 5.9
g 48
3.9 3.0, 2.3

w5 Rk Do

J. Hamann (TU Miinchen)

[JH, Hannestad,

Constraining the Cosmic Radiation Density

Raffelt, Wong: 2007]
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Our results

» WMAPS3 alone with wide prior on h: Ngg < 45

» Adding reasonable prior 0.4 < h < 1, or LSS data
tightens constraints considerably

» More constraining data — less difference between
different interval constructions (gaussianity)
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Vanilla+ Ngst
» Conservative (linear data only):

1.1 < Nt < 4.8, bestfit: 2.6
» Aggressive (all data):
2.2 < Ngit < 5.8, bestfit: 3.8
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Vanilla+ Ngst
» Conservative (linear data only):

1.1 < Nt < 4.8, bestfit: 2.6
» Aggressive (all data):
2.2 < Ngit < 5.8, bestfit: 3.8

Extended models
» N massive species +ag+Ww:

1.2 < Ny <6.4, bestfit: 2.6
» 3 massive neutrinos, (N — 3) massless species:
0 < Ngi —3<3.7, Dbestfit: 0.2
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Conclusions

No evidence for additional relativistic degrees of freedom
Systematic effects can bias parameter estimation

Need better understanding of scale-dependent bias

You should use the minimal credible interval!
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