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Cosmological Observations
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Cosmological Observations

SDSS z ~ 0.1 2 is small only at large scales.

5p(]<3¢, Z)

Pyai(k, z) = | p %)

op(ki, z) is the F.T. of the density fluctuations.
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Cosmological Observations

® HST — low-z supernovae, HST, A. G. Riess efal. 0905.0695
® SN1a — High-z supernovae, M. Hicken et al., 0901.4804

® BBN — primordial abundances for the elements are affected by the expansion
rate of the Universe at the BBN time (Mangano etal. 1103.1261).
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CosmoTh: Geometry of the Universe

® The metric for a general homogeneous and isotropic Universe is,

dr?
1 — Kr?

ds® = dt* — a*(1) ( + r2d§22) :

all the dynamics is in the function a(?), a(t) and K are determined by
the content of the Universe

® To take into account the small deviations we need to go beyond the
homogeneous and isotropic solution. F.e for scalar perturbations

dr?
1 — Kr2

ds® = (1 —2¢(t,2))dt* — (14 2¢(t, x))a”(t) ( -+ r2d92> :
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CosmoTh: ACDM +N.+ Model

Type 0-order 1-order
Matter Pcdm (t)a Pb (t) 5/00dm (t7 CU), 5/)17 (ta aj)
Radlatlon p’Y (t)7 IONfr’el (t) 510'7 (t7 x)7 5p7/ (t7 x)

Dark energy  pa(t), w

® Matter and radiation evolution is determined by Boltzmann equations up to
first order in dp; /p;.

® Geometry is determined by Einstein equations H(z) = />, pi(2)

® Both sets of egs are coupled

0-Order & 1-Order
Einstein Eq.

0-Order & 1-Order
Boltzmann Eq.
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CosmoTh: Physics of the Perturbations

Past Recombination Today
t, z,a : SN1la
HST
57 - CMB
5 ~ LSSPS
b G " BAO
5cdm "
0y




CosmoTh: Physics of the Perturbations

Past Recombination Today
t, z,a : SN1la

HST

0 ~ CMB
LSSPS

5cdm ‘ "

<Free Streaming
61/ >

The BAO oscillations in the 6, have an effect on the full matter PS.
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CosmoTh: Physics of the Perturbations

Past Recombination Today
t, z,a ~ SNla
- HST
0 ~ CMB
tegra lS h\\ lf effec LSSPS
5b I l ' H Imprmt @ g BAO
5cdm "
<Free Streaming
51/ >

We parametrize the reionization by unknown parameter 7
SW and ISW effects are included in the Boltzmann codes.
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CosmoTh: Physics of the Perturbations

Past Recombination Today
t, z,a ~ SNla
a(t) enters in all the equations
ﬁ © for the perturbaticé)ns HST
O~ - CMB
Reionization SachsWolfe effect
T Integrated SachsWolfe effect
5 . LSSPS
b BAO
5(3 m
Free Streaming

\/

The background evolution enters in all the 1-order equations,
therefore the perturbations contain information about all the parameters.
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ACDM +N. ¢ Parameters

® 0-order(homogeneous and isotropic),(; = pi/perit, Perit = 22=)
o Matter — Q,,, — Qcam,
» Radiation — 2, — ), (fixed by Tearg), Nyel
» Reionization optical depth — 7
# Hubble parameter today — Hy — ()

® 1-order, initial conditions for dp/p are determined by the primordial
power spectrum from inflation,
# Primordial spectrum amplitude — A,

# Spectral index(n, = 1 = flat spectra) — n
kl—ns

P(k) = A=

~

C1, Pyai (k)
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Is AN, s bigger than zero?

® ACDM+N.;; with WMAP9 + spt + act N.s; = 3.89 & 0.67(68%CL).

® ACDM+m, 4+ N.ss with Planck + WP +spt + act
S m, < 0.6eV Nepp = 3.297087(95%CL)

B Planclk—l—W P—I—hilgh L
+BAO

| +Ho
+BAO+Hp

1.0

2.4 3.0 3.6 4.2
Nt

Planck 2013 resulis. XVI
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Does N.¢r > 0 imply new light DOF?

IF (Thermal eq.) Then
T7 Ndof — Prad
Else

Prad = Pth T Pnonth = NdofF(T) + Pnonth = NeffF(T)

# Only near to the equilibrium N.¢r and Ny, are similar.

» Can the extra radiation be explained by non thermal
contribution in to non standard neutrinos?
arXiv:1212.1472

» We study the possibility of include new cold matter that
decays in to standard neutrinos to explain the extra
radiation
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Decaying Matter

® In order to include the new decaying matter we should extend the
matter content.

Type 0-order 1-order
Matter pcdm(t)v ,Ob(t), pdec(t) 5pcdm(tax)a 5Pb(t737)
Radiation p~(t), pu(t) dp~(t,x), dpy,(t,x)

Dark energy pa(?), w

® O0-order Boltzmann equations:

pdec — _SaHIOdec — ardec Pdec

pu — —4CLH,0,/ + ardec Pdec
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Decaying Matter Parameters

® 0-order(homogeneous and isotropic),($2; = pi/perit, Perit = %)
o Matter — Q.. — Qcam, s Qace, Ldee
» Radiation — Q, — Q. (fixed by Teap),Nepr = 3
» Reionization optical depth — 7
# Hubble parameter today — Hy — ()

® 1-order, initial conditions for dp/p are determined by the primordial
power spectrum from inflation,
# Primordial spectrum amplitude — A,

# Spectral index(n, = 1 = flat spectra) — n
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C1, Pyai(k)
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Data Analysis

HST — low-z supernovae, HST, A. G. Riess etal. 0905.0695

SNia — High-z supernovae, M. Hicken et al.,, 0901.4804

BAO — BAO from SDSS & 2dFGRS, W. J. Percival et al., 0907.1660
CMB — WMAP, E. Komatsu, etal.,1001.4538

CMB — SPT, Keisler, R, etal.,, 1105.3182

BBN — primordial abundances, Mangano etal. 1103.1261

Cosmological
Observables

Beeatan Lo Probability distribution
analysis

(MCMC) for the parameters

Boltzmann Codes
Cosmological Parameters CMBfast
10-par CAMB, CLASS

We develop a code implementing a Markov Chain Monte Carlo (MCMC)
algorithm for parameter sampling and to determine the posterior
probability distribution for the cosmological parameters.
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ecM data analysis results
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decM data analysis

decM+BBN ACDM+N,+BBN
Parameter best 1o 95% best 1o 95%
Ho [km/s/Mpc] 726 | 0G| s | 730 ) Tl TEg
17 x 100 2254 | Toosr | Toloes | 2288 | Tooar | Toloro
2ch 0125 | 0008 | 0010 | 0127 | 0558 | TOoi
log(pdec/p~) att =10"%*s || -4.61 | T0-0 +0.92 _ _ _
" 073 | 1855 | 0% | oo7s | 1510 | K0
. 0084 | hp12 | 100k | ooss | oI | 100
A x10° 2452 | TR | TG | 2440 | HOUIE | FAZ
log(7dce/s) 29 | T10o| 3T - - _
ANg"" 050 | 03 | *938 | oo | F93 | 0k
AN - - | <090 | 070 | t92% | f0.44
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decM data analysis results

® 2D contour plots
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® |n radiation dominated universe AN.f¢ X pdecr/Tdec
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Motivations for N.;r > 0

Many extensions of the SM contain extra light particles, axions, light sterile
neutrinos ...

Sterile Neutrino Experimental Motivation:

® LSND excess of 7, — . with Am? ~ 1eV?

# MiniBoone v, — v. and v, — . appearance

# Gallium Anomaly, SAGE and GALLEX event rates lower than expected,
can be explained by v. disappearance with Am? > lel/?

® New reactor flux calculation (Mueller et al., 1101.2663, P. Huber,
1106.0687) 3% higher, tension in short-baseline (L < 100m) experiments,
can be explained by v. disappearance with oscillation with Am?* ~ 1eV?.

Work in progress: Sterile Neutrino Analysis in IceCube using IC-79 and IC-86
data
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decM data analysis results

® The bump at ANZZY = 0 can be understood by the prior.

® We use a flat prior in Qqec and T'gec
P(Qdem Fdec) = cnt

® Using the approximate analytic solution in radiation dominated
universe and P (Qaec; Ndec )dQdecdlaee = P(Nog, Z)dNogdZ

75(Neff7 Z) . 1/Neff
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CosmoTh: Scales

Past Today
t, z ,a

Small scales |
A1, E>1

T

Non linear

(Good in linear approximation

Large scales
A1, k<11
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Neff in the CMB

Ner¢ gives a contribution to the energy density therefore affects the expansion
rate H at the CMB time.

The CMB physics is determines by the length scales:

ds(temp) < 1/H Xa(temn) < 1/VH daltoms) < 1/H

The position of the peaks depends on:

ds(tcvB)
da(tcmB)

therefore is not affected by the expansion rate.
The damping effect ant high-l is determined by:

Na(tcmB) 1

da(tems) H

The effect on the CMB at high-l is affected by H and can give information
about V. f f

Jordi Salvado



Cosmological Observations

ACDM+Ng
Parameter best 1o 95%
Ho [km/s/Mpc] || 73.0 | *i2 +2.8
Qph® x 100 2.258 | 10.032 | +0.065
Qch? 0.127 | *530% | 56
e 0975 | 4516 | *oois
" 0083 | “4413 | *553]
Acx10° | 2449 | 90T | AR
ANea 070 | 53 | i

® BBN, N.;; < 4 at

95% C.L.(Mangano et
al. 1103.1261)

Without BBN

Nejs = 3.8740.42
(Joudaki, Shahab.
1202.0005)

Before SPT and without
BBN in extended
cosmological models
Negs = 4.27575,
(Gonzalez-Garcia, M.C,
etal. 1006.3795)

Jordi Salvado



Neff in the CMB
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® Effect in the CMB of the extra relativistic radiation AN.,..; in the
Universe.

Jordi Salvado



Bayesian Data Analysis

® For a given values of the theory parameters 6 the probability of
measuring a data sample d is the likelihood function £(d; 6).

® [n Bayesian Interpretation the probability is associated with the
knowledge, therefore we can summarize our knowledge of the

theoretical parameters 6 as a probability distribution p(8|d).

® Using the Bayesian theorem we can relate this probability with the
likelihood: B
7 L£(d|6)m(0)

O\d) = —
PO = S~ aym@)
9/
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Decaying Matter

® 1-order Botzmann equations:

1.
__h7
2
2 . 4 ec
—gh — §9R + ardecppd—R (5DM - 5R) ’
1 ec
k2 (ZCSR - O'R) ardecpd eRv
R

Jordi Salvado



Cosmological Observations

10000 |

P(k)

1000

matter P(k) at z=0 ——— |

0.001 0.01

® From the matter power spectrum we use the scale associated with the

Baryonic Acoustic Oscillations (BAO).

0.1
Kk
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