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Outline

Early Universe processes.
Relics: CNB, BBN, CMB.




CMB and BBN abundances point to

RD Universe:
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No matter how small is the radiation component today,
having in mind the different dependence of radiation and
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matter density on R(t) and T~ 1/R, radiation dominated at early stage .




RD stage:

Thermodynamic relations for the energy density, S and number densities n:

2
T 7 7
P = o= 93114 ; 9« = Z g+ % Z 95 = (9B + <9F)
30 . _ 8 - 8
(3) 3 i=bosons j=fermions
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n = —— g+ —-9gr)1",
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T .. 100 } R
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Number of relativistic degrees of freedom g as a functionof T
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UNIVERSE HISTORY

Processes cosmic time T
GUT 103%s 10 GeV
Inflation

BA generation
EW symmetry breaking 1010s 100 GeV

QCD 10°s 0.3 GeV
CNB formation 1ls 3-1MeV
BBN 1s—3m 1-0.1MeV

CMB formation 300000y 0.3eV
Galaxy formation ~10°%y

Today 13.7 10%y 0.0003 eV
~ 3K



Relic Neutrino

Thermodynamical Equilibrium. Decoupling.




Thermodynamical equilibrium.Particle Decoupling

T>1 MeV
AN
VGVD < Vavb TV — Te — T'y pr=p+potp:=114+= (11> ‘\(_n] P
Va¥p €2 Va¥p At RD stage neutrinos are important component. influence considerablv H.
; ; -n kineti s (R 8rGxp k A
ve <ve M kinetics, etc. o = (T) Sl kA
— + -
vV, > e e i_A wox
o3 3 Wt
T ~1 MeV

As the Universe cools the rate of interaction decrease and could no longer keep
neutrino in equilibrium.

F~ G |2:E 12N V < H - \/ geff GT ‘ Tdec(ve) ~ 2 MeV Tdec(vp,T) ~ 3 MeV
1
T~m,, S s T =(4/11)Y3 T, f(p,T=—r— i

N, = 3.046 not 3 because of partial heating. N, =2.984+0.008 (LEP)

T9=2.7K  RELIC NEUTRINO BACKGROUND T,o~1.9K. = »n =3393 cm™

3m,

= 3
Ny 112 cm 93.14h* eV?

Nemp =411 cm’3 Q, =

Neutrinos from CNB are expected to be the most numerous particles after CMB photons.
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Relic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a f ( -‘-) _ 1
spectrum as that of a relativistic species P A |
 Number density
d’p 3 _60B) s
n, = -‘-(2 ) (P, v)__ R Tevs
* Energy density
( 4/3
nt( 4 T4 Massless
120\11) =*®
T,)—
(2 L(p.T,) |
m,n, Massive m,>>T




Decoupling of neutrino Is a continuous process:

V4 V4
F T | 6pye06) | 8pys ) | 8906 | Neg
Instantaneous 1.40102 0 0 0 3
decoupling
SM 1.3978 0.94 043 | 043 3.046
e e 1.3978 0.73 0.52 0.52 3.046
(0,5=0)

Dolgov, Hansen & Semikoz, 1997
Mangano et al, 2005

Today neutrino density (3 degenerate masses)

_ P 3m0 — O 3m0

*Tp. 9412h eV’ ¥~ 93.14h2 eV?

n,= 335.7 Cm'3 m—) n,= 339.3 cm™

ANz ~ 3 (WMAP)
AN, ~ 0.2 (Planck)

Relic neutrino is the most numerous particle after CMB photons.



Though numerous, CNB has not been detected. Its detection is difficult
because of its weak interactions and the extremely low energy expected for

neutrinos background today, i.e. relic neutrinos.
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Figure 2: The ‘grand
unified’ neutrino spec-
trum.

Figure from ASPERA roadmap

Indirect CNB detection is possible due to its effect on BBN,CMB, LSS.
CMB&LSS feel the total neutrino density. BBN is precise probe also of neutrino
energy distribution, mass differences and mixing, chemical potential, etc.



Neutrinos in the Umverse

Effect the energy den5|ty
expansion rate
of the Universe

Constraints on number
of neutrino species N<5

Matter/radiation equality shift

Constraints on neutrino masses
and number densities < 0.6 eV

D
M andigaze

Effect BBN kinetics

Spectrum distortion
asymmetry constraints

Constraints on
oscillation parameters

Feel total energy density
stored in neutrinos

: ]

Constraints on neutrino masses
Constraints on lepton asymmetry

Constraints on

sterile neutrino population|

not sensitive to different species
or spectrum distortions

\! Ough




OSCILLATING NEUTRINOS

Vo= Upeve, (F=¢€, 1, 1) P (0, dm?, E, t)

Evidence for oscillations of neutrino were obtained
at the greatest neutrino experiments: solar, Ve €V, V,
atmospheric and terrestrial LSND, KAMLAND, K2K..... :

P Sm2~ 7.6 .105eV2 sin20 ~0.3

Solar neutrino problem, atmospheric neutrino vV, OV
. . 1l T

anomaly and the results of terrestrial neutrino

oscillations experiments can be resolved by the dm3~ 2.4.103eVV? nearly maximal mixing

phenomenon of neutrino oscillations.

It has been observationally and experimentally proved
that neutrinos oscillate . Then

om?= 0 at least 2 neutrino with m_ = 0
v" non-zero neutrino mass and mixing
3m
v" LA may be non-zero QV = 0 0'001 < QV
iti i i 93.14h* eV
Initially present, or generated in resonant active- .

sterile oscillations . :
Flavor neutrino does not play an important

v Relic neutrino n(E) may differ from the equilibrium role for DM and the formation of structure.

o 0.001< Q) <0.02

Eventual sterile neutrino may be a good
Ne < Nggq DM representative.

n™ =n® =exp(—E/T)/A+exp(-E/T))



Neutrino oscillations effects

X/

%* Flavor Matter Oscillations corresponding to the regions favored by the atmospheric and
solar neutrino data establish an equilibrium between active neutrino species before
BBN epoch. No considerable influence on BBN, CMB, CNB.

Account for flavour oscillations : 113 per cubic cm instead 112 in SCM.

% Active-sterile oscillations may have considerable cosmological influence!

2 7
v BBNwith fast v, <> v.: H ~ ) Yt GT* increase et =10-75+Z5NS ONg=N, -3
effective before v, decoupling - effect BBN and CMB
He-4 mass fraction is a strong function of the effective number of light stable 5Ns

particles at BBN epoch dY4 ~0.013 6N, (the best speedometer).

2 cin4 -7
v' BBNwith v, <> v, om-sin” 26 <10 V. spectrum distortion
effective after v, decoupling and 6N <1 BBN, CNB effect

Effect both expansion rate and the weak interactions rates, may distort v, energy spectrum, causing
v, depletion, neutrino-antineutrino asymmetry generation and influences the neutrino involved processes in
Universe, like BBN Kinetics, CMB, etc.

22
He-4 depends also on the v, characteristics I'~GEN,
decrease — n/p freezes earlier — “He is overproduced

Dolgov 81. DK_ 88, Barbieri, Dolgov 90, Kainulainen 91, Enguist et al.,92, FootelVolkas 95,96,
D.KeIChizhov,96-98,2000-01, (Doéqovezrf/i[[ante 03; DK 04, (DKGZ(Panayotova 06, DK 07,08



Neutrino oscillations indications

Evidence for neutrino mixing and oscillations were obtained at the greatest neutrino experiments. Solar
neutrino problem, atmospheric neutrino anomaly and the positive results of terrestrial experiments were
resolved by the phenomenon of neutrino oscillations.

Recent analysis of global neutrino data within 3flavour framework: SKI1+SKI1+SKIIl, MINOS, Kamland
Schwetz, Tortola, Valle, arXiv: 1103.0734; Mention 1101.2755
om’e ~ (7.6+0.2)10°eV ?,sin’ g, < 0.3
Sm% ~ (2.4+0.1)103%eVv?, 0.007 <sin® g, <0.03
siné,, ~0.5+0.06

Recent analysis 3+1 and 3+2 : Hint of oscillations with 2 v, with sub-eV mass
Reactor experiments+LSND+MiniBooNe+Gallium expt Sm2a1 ~ 0.5eV 2

Kopp, Maltoni,Schwetz, arXiv: 1103.4570 5 >
om<s: ~ 0.9eV

Neutrino oscillations effect early Universe processes. Does cosmology allow 2 light v.?

Does cosmology favour non-zero v, ?



Excess radiation density

e = P~ + Pyt Pr = —
P f P f N 11 oic.

- 4\ Y3 AN, measures any relativistic component, including iner
14 L () 0 p- neutrino brought into equlibrium, oscillations, LA, decays,

v Cosmological indications about the presence of additional relativistic density:
NBBN:3'8+O'8-O'7 NCMB:4.34+/' 0.87 NSDS:4.8+1.9'1.8

+ACT : 3.86+/-0.42 +sPT 4.56+/-0.75
v' Combined neutrino oscillations data (including MiniBoone and LSND):

require 1 or 2 additional light sterile neutrino (in eq. before BBN),
participating into oscillations with flavor neutrinos with higher mass differences values,
than the ones required by solar and atmospheric neutrino oscillations experiments.

> Were these inert neutrinos brought into equilibrium by
oscillations? Does cosmology allow them?

CMB, galaxy clustering and and SNla data allow 3+2 models
BBN is more restrictive. Modfied BBN may be necessary.



The role of massive neutrino

* Contribution of neutrinos to total energy density today (3 degenerate
masses)

{ W wwmap
151 N [l WMAP+BAO+SN ] 151

O - 3m,
" 93.14h% eV

n, = 339.3 Cl’n_3 P % Holmenpe

In case neutrino masses are in the eV range they can constitute several % of
the DM, they can influence matter clustering (suppressing small-scale power of
the matter power spectrum) providing better correspondence between models
and observational data (from SDSS, cluster abundance, weak lensing, Lyman

Alpha forest, CMB).

Fast moving neutrinos must not play any major role in the evolution of structure
In the universe. They would have prevented the early clumping of gas in the
universe, delaying the emergence of the first stars, in conflict with the new

WMAP data.



How comparing the CMB and galaxy surveys
constrains the Neutrino Mass: Ve 188 i
O mass <

Massive neutrinos can hide in the CMB...

(1+1)/(2m)C,

Solid: h=0.71 neutrino density=0
Dashed: h=0.60 neutrino density=0.02
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Sterile Neutrinos Status

Wellcomed by cosmology:

may play subdominant role as DM component (eV, KeV)

may play a role in LSS formation (when constituting few % of the DM it
suppresses small scale power in the matter power spectrum and better fits
the observational data from SDSS, cluster abundance, weak lensing, Lyman
Alpha forest, CMB)

plays major role in natural baryogenesis through leptogenesis

The X ray photons from sterile neutrino decays may catalize the production
of molecular H and speed up the star formation, causing earlier
reionization — observational feature predicted

CMB feels the increase in the density due to additional particles

Sterile neutrino is constrained by BBN, because it increases the expansion
rate and hence dynamically influences He production, in case it is brought
into equilibrium. Its decoupling temperature must be T, > 130 MeV.

In case of oscillations with active neutrino it exerts major effect on
nucleons kinetics during pre-BBN and its mixing parameters are
constrained by BBN+CMB

Et cetera.....



Oscillations generated LA and BBN

For dm? sin* 26 <10eV? evolution of LA
is dominated by oscillations and typically
LA has rapid oscillatory behavior.

The region of parameter space for which
large generation of LA is possible:

|om? |sin® 20 <107°°eV *

Generation of LA up to 5 orders of magnitude
Iarger than [3 IS possmle ie. L~10°

1 i
il ‘k 1l

60000 [

L(t)

40000

20000 |- 8m2 ~10—8.Sev2
sin®20=10"°

o
T

-20000 |

—_—— —————
e
el e——
1 L 1 1

-40000 -

-60000

-80000
0

DK, PNPP,2010; 2011

on,
ot " op,

“ In BBN with v,<> v, neutrino spectrum distortion

and asymmetry generation lead to different nucleon

kinetics, and modified BBN element production.

on, _ _ 2
= Hp PV)|AE P> W) (0, n,—n,p)

e + o 2 —
_J'dQ(e+, p,v)‘A(e n— pv)‘ (n.n, —n o)
om?<107eV?  all mixing angles® O0<oSN, <1
2MeV >T >0.3 MeV
X, and correspondingly the primordially produced

He-4 decreases at small mixing parameters values
due to asymmetry growth.

0,17

Xn

0,16

T T T T T T T T T T T
-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0

log(sin®20)



Primordial Nucleosynthesis

Big Bang Nucleosynthesis

Theoretically well established

Precise data on nuclear processes rates
from lab expts at low E (10 KeV — MeV)
Precise data on D, He, Li

Baryon fraction measured by CMB

COSMOLOGY ; ;
MICROPHYSICS

ASTROPHYSICS
Most early and precision probe for physical conditions

George Gamow in early Universe and for new physics at BBN energies.

0 The Universe Baryometer

In 1946-1948 develops BBN theory. BAU — local or global
In the framework of this model The Best Speedometer at RD Stage

predicts CMB and its T. BBN probes neutrino
BBN and neutrino oscillations
The Most Exact Leptometer




The Abundances of Light Elements

Main problem: Primordial abundances are not » D is measured in high z low-Z H-rich
observed directly (chemical evolution after BBN). clouds absorbing light from background QSA.
Observations * He inclouds of ionized H (H Il regions),
in systems least contaminated by stellar evolution. the most metal-poor blue compact galaxies.
=42 f[gocgsral PRA7Z,H (2009 ) 033 ~ '
z & oo 1 : regression to zero Z
5 L c‘; [ z:.,. : e.ysvlzv ] 030 1
—'_4.4 _— 0100942956 LDSS‘ -::7+-3a1e PKS1937-1009 (1) -: &0 ':_ J.‘ 1 —— _e - -
\ . 2rE®Y,=0,257+ 0,003
o A | A = 020 | 1
- - H 2 Iy by ' et "”'/: =
4.6 a1z45+5o47<H l %, Jkﬁwmq |M|')\5 ‘ of“ 1 21
" 5000 6000 7000 g 015 T
I % Izotov & Thuan fit
—48 ’ — -5 1+ D H ‘ = = 010 F e [zotov & Thuan data |
I D/H_(287i02) 10 3 ‘,’/r"\ ] rm/v—": ® Other data
| % i f 1 0.05 |
=5 ‘ 20.5 r \‘ j 1
- E I 1 0.00 . .
2 I 1 0 100 200
I [ LIXL { % ] 10° times O/H Ratio
S 3 AU I IR IR I R I R 0r — -
Account = RRL E e el = il Li in Pop 11 (metal-poor) stars in the spheroid
for galactic Chemical evolution Of our Galaxy, Wthh have Z<1/10 000 Z{})

Li/H|, = (1.7 £ 0.025}1) « 10719,



Determinations of Primordial He-4

Small statistical error but large systematics (interstellar reddening, clouds T, e density):
Y, =0.250 == 0.003 rocco et al. PR472, 1 (2009) Y, =0.2565 = 0.0010(stat) + 0.0050(syst)

Izotov & Thuan 2010

YpE 0.2561 x= 0.0108 Avereral. 2010 Yi,E 0.2573 %= 0.0033 Aver et al. 2011

2001: Observations with Far Ultraviolet Spectroscopic Explorer
provided first direct observations of primordial He.

CMB anisotropies sensitive to reionization, thus
to baryons in form of He. But uncertainty, even
with Planck, will be larger than the present
systematic spread.

Density fluctuations in the intergalactic gas (H
and He) grow under gravity's pull. The densest
clumps form galaxies and QSA whose radiation
reionizes the gas.

The FUSE observations were accomplished
by collecting the light from a distant
quasar, at 10 billion ly from Earth, for
twenty days. Along the trajectory to Earth
intervening clouds containing hot helium
gas modified the quasar's light, He atoms
absorb in the far-ultraviolet range of the
spectrum. Simultaneous observations using
Hubble Space Telescope showed the
brightness of the quasar at longer
ultraviolet wavelengths where the spectrum
Is unaffected by He.



According to BBN 4 light elements: D, He-3, He-4, Li-7
produced during the hot stage of the Universe evolution,
1s—3m 1-0.1MeV.

The primordially produced abundances depend on:
v’ baryon-to-photon ratio (CMB measured now),
v’ relativistic energy density (effective number of nu)
(nonst interactions, extra rel degrees of freedom, exotic physics)
7 4 4/3
p,+px (=N, g(ﬁj P,
v" n lifetime: 885.7+0.8; 878.5+0.8s

Lp+—n

2. pln.vid

3. dip. v He
4. did, n*He
2. died, p)t

6. t(d. ) He

- e, v)Li

8. *Heln. p)t

9. *He(d. p) ' He
10. *Helar, 7) Be
I EDFEH = 31 11.?ﬁ”hﬂf?ﬁ*
5 12, "Beln, p)' Li

-

Be

H,.Q,,Q N, Let

Baryon density Qph?
0.01 0.02

- T B e e T Y -

rh g Sl Kl T IR bl BN,

1074 |

1073 |

109 |

"LiH]|,

T e T PR T LR T SR R R AT
K TRE N7, B T o
p ity .'".. [ R L -

2

10-10 |

1
1 2 3 4 5 6 7 8
Baryon-to-photon ratio 1 x 10710

Observational data in yellow (2o statistical error), bigger
boxes ( 2o statistical+systematic error). Vertical band give
baryon density measured by CMB and BBN.

BBN predictions are in agreement with
observational data for Qg ~ 0.05.



Solving nurnerically BEN dynarnics

Weakiinteractions freeze out at i

)\
a T Deuterium forms via pn—Diy at
a 1 ~0.1 MeV
5 _ _3H . . Nuclear chain
ng

p=—3H (p+ P)

F;P\"k. F"u",!_ _P"r'i '-{'\r.';'
Xi=)Y, Ny | Ty —Ak .‘,Yf, — Lijm Xﬁ, : A:?'
j:-k:-lt ;'\P'k. ;'\P'E. J.?l‘\‘i'. J.'“‘\‘j.

e Y2, = e e = L (Fe.0) =12 L(%50.)

s, A
(dt_H|D| Al |) FonIP18) = Low [fous fous fons Fous foms Fot]

*Run BBN code (PAhENOPE) to get Y (N, 1), Xp(N, n) wiciecral 2011
"H/H = 2877531 x 1077, Y, = 0.247 £ 0.0024¢4¢ £ 00045yt

Neutrino decoupling can be computed independently of nuclear abundances



BBN Baryometer p=n,/n ~6.107"

¢ The baryon density is measured with very high precision.

Among light elements D is the best baryometer. ’H
BBN + D measurements: towards QSA with big z and low Z. |

08 | [ H/

1.

5.1 x 10710 < g5, < 6.5 x 1010 95% /|

/ oz | |

*%* CMB anisotropy measurements-WMAP7:

77WMAP=6'16i0'16 x 10719 at 68% CL Compa'“ble at 1.50 001 0015 0oz ;‘.mss

N, h?
Baryonic matter building the planets, the stars , etc.

Is a negligible fraction <5% ! locco et al. 2009
Baryon density is ~ 0.05 of the total density,
“Baryons”

L I.e. much bigger than the luminous matter (0.005),
but considerably less than the gravitating matter (0.3)

——y W Baryons are not enough to close the Universe.
Sy N Most of the baryons are optically dark.
' There exists nonbaryonic DM.

Where are the dark baryons?




Half of the dark baryons are in the space between galaxies

In the spectra
of the light
from distant
quasars (several
billion ly away)
the absorption
lines of
ordinary
baryonic matter
were found.

Hubble looks for missing matter

COSMIC WEB

Where is the
other half of
dark baryons?
MACHOQOS,
Present g BH,..

(13.7 billion years
after the Big Bang)

C. Danforth & M. Shull, ApJ, 2008
The analysis of HST FUSE observations taken along sight-lines to 28 quasars represents how the
intergalactic medium looks within 4 billion ly of Earth.




Combined Results of Hubble ST + WMAP + clusters
BBN points to the existence of DM > baryon density.
What is nonbaryonic matter?

3 ' T T | I T T | ' TT1 | T T T TT T T
Mo Big Bang
2 L i
Supernovae
1 L i
Laa N
I' CMB y
'L'-.II |.LI\|-I- 'I_l'_l:_:_____
[:I —T e e - - - - R, —_
L Clusters ! 1
f{];_ 7|
7 Cor ]
1 “ !
- r o) 7
"%;{) !
1 1 1 1 | 1 1 1 1 | I | | 1 11 1 | .80 | ] | | I-
0 1 2 3
“.-'l-f

Figure 21.1: This shows the preterred region in the 2,2, plane from the

compilation of supernovae data in Ref 1%, and also the complementary results
coming from some other observations. [Courtesy of the Supernova Cosmology



Where are the antibaryons?

SBBN predicts equal quantities at the hot stage and now the relic density should be:

B ~ 1018
However _ o -10
p=m,—n)/n ~n=n,/n, ~6.10
Why baryon density is so big?
Where is the antimatter?

Is the asymmetry local or global?

How and when the asymmetry was produced? -baryogenesis models (GUT, SUSSY,
BTL, SCB..) Dolgov 99,2011; DK, 99; DK, NPB2002; DK, Panayotova, 2007

If the symmetry is local what were the separation mechanisms? Dolgov, DK 99; DK, Chizhov

Missions searching for traces of antimatter: anti p, anti nuclei, annihilation radiation:

PAMELA, BESS, AMS, AMS 2, PEBS(2010), etc

« CR data from search of antip, positrons and antinuclei indicate that there is no significant
quantity of antimatter objects within a radius 1 Mpc.
« Gama ray measurements significant amounts of antimatter up to galaxy cluster scales ~ 10 -20 Mpc.

Locally up to ~10-20 Mpc the Universe is made of matter. Steigman 79, Stecker 85
Both theory and observations allow astronomically significant antimatter .



BBN Speedometer

0.255 —
025 £/ 2.8 <N, <3.6(95% CL)

0245 - locco et al, 2009
024 ¢ Using Y from IT10:

0.235 . .

3.0 <N < 4.5 (95% CL)




“He — the best speedometer
Y.=(H(p(g)),T) = 0,2482+ 0,0007 Y _=0,257+ 0,003

V.+N<> p+e

Am
— N ——— Am=1.293MeV
e"+nN>p+v, —~¢€
n—>p+e +v
' ~G:T® H~.g.GT? J et :E_JFZN =10,75
F e 2 47
G)"* n o1
T o | 2 ~0,7MeV (j e '~
G, P/ 6

p+n—>D+y D+D->"He+y

(5) |

N, . I B
(X,), :(Nnucjf :1+(nJ Y, = 2(X, ), e 0.24 , =8857s

Y

He-4 most abundantly produced (25%), most precisely measured
(3-5 %) and calculated element (0.1% error) with simple post-BBN evolution.



BBN — the best speedometer

* Constrains the effective number of relativistic species

— 4/3 _
Pr = PA —+ Pu - Py = [1 + & (i) @ 0 SYKH 0013 SNeff

Non-zero AN will indicate extra relativistic component, ANeff <1.6

like sterile neutrino, neutrino oscillations, lepton

asymmetry, neutrino decays, nonstandard thermal history, etc
/ 2 4 4 AN, ~ 3 (WMAP)

* Constrains chemical potentials _
AN, ~ 0.4 (Planck) (2 sigma)

AN, =15/7[([/T) z]" +2[( D)z}

ge >0 favour n=>p, causes He decrease Dolgov et al. 2002
nu oscillations equilibrate §e with other flavors for 913 §<0.07 BBN + LMA
— BBN restricts chemical potential of all neutrino flavors
= Constrains sterile neutrino decoupling T, > 130 MeV 3 2
production, right handed bosons Le [T—R] (&j ~1; G; <10°G,
H T, Ge

" Constrains neutrino magnetic moment |, 310,

*  Constrains neutrino oscillations parameters BBN with v <> v_ neutrino spectrum and densities
differ, thus influencing kinetics of nucleons in BBN epoch, reducing weak processes rates
overproducing He-4.

The abundance of helium is known with 5% accuracy. This allows to constrain v <> v,



Maximum He-4 overproduction in BBN with

oscillations due to spectrum distortion

Dependence of max overproduction on mixing

Max overproduction on mass difference
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log(tan®y) log(dm™[eV~])
DK, Astrop.Phys.,2003

FOI’ BBN Wlth ne(—) ns the maX|ma| OverpI‘OdUCtIOI’l Of BBN W|th nonequ”'b“um Ve(_)vs a”OWS to

4He is 32% in the resonant case and 13% in the non-

resonant, i.e. 6 times stronger effect than the
dynamical oscillations effect.

constrain v oscillation parameters for
He-4 uncertainty up t032% (14%) in resonant
(non-resonant) case.



BBN constraints on v.«> v,

He-4 is the preferred element:

v
v

v

v
v
v

abundantly produced,

precisely measured

precisely calculated (0.1% uncertainty)
Y,=0,2482+ 0,0007

has a simple post-BBN chemical evolution

best speedometer and leptometer

sensitive to neutrino characteristics (n, N, sp,LA..)

Fit to BBN constraints (5Y,/Y,=3%) at smaller 5m?
(re-population of active neutrino slow,
spectrum distortion considerable) :

oscillation parameters

[eV*])

st

log( ém

—7.0 ]
—7.5 ;
—8.0 i
—8.0 i
—-9.0 ;

_9.5 ] T T T 171 LI T

_____

sm? (sin? 20)4 <15x10°%V2 Sm? >0
Sm* <8.2x10%eV*? large 8, om* <0

log(sin®2w)” g

DK, Chizhov NPB2000,2001



log( 6m”® [eV?])

BBN constraints on oscillations
BBN with neutrino oscillations between initially empty v. and vg

70, -
{om® ) 0" S em® (o | BBN constraints on v, <> v, :
z N 7
~2 N S Barbieri, Dolgov 91 — depletion account
- 57 Dolgov 2000 — dashed curve;
. o y DK, Enqyist et al. 92 — one p approx.
4] v / Dolgov, Villante, 2003 - spectrum distortion
T L /0
: . |
] - S SM2>106 eV?
] < . e :
E R Sm2, sin® 26, <3.16x10°eV2 (AN, )’
§ | / SM2, sin® 20,, <1.74x10°eV? (AN, )’
. sm?sin® 20 <107
1 T T Dk sovet DK.,Chizhov 2001 — distortion and
& I O asymmetry growth account
101 sm(sin? 26\ -90\/2 2
e e e e e et s e ) e s m (S“’] 20) <15x10°eV om: >0
—4 2 0 2 4

log(sin"29)  5m? <8.2x10%eV2 large 6, Sm? <0

v BBN constraints are by 4 orders of magnitude more stringent than experimental ones
v Excluded 2 LMA and LOW active-sterile solutions (1990, 1999)
years before experimental results.



BBN constraints relaxed or strengthened?

Additional v, population may strengthen or relax BBN constraints.

70

log ( 3m’ [eV?])

8Y,/Y,=5.2%

7Y T DA T A L ey

Sm’ <0

log (sin’ 26)

vvvvvvvvv

DK elPanayotova JCAP 2006, DK IIMPD 07

Y,=0,2565 + 0.001(stat)+ 0,005(syst)
Izotove{Thuan, 2010 93 Sp of 86 low Z HII
vY,,=0,2482+ 0,0007

Due to interplay b/n the effects of
non-zero initial population of v,on BBN,

BBN bounds change non-trivially with dN.:
In case the dynamical effect dominates,

He-4 overproduction is enhanced and

BBN constraints strengthen.

In case the kinetic effect dominates He-4
overproduction decreases with oSN, increase and
BBN constraints relax.

Dotted blue (red) contour presents 6Y,/Y,=3% (5Y,/Y,=5.2%))
for 5N=0, solid - 6N.=0,5.



Cosmological constraint on new coupling constant

« Constrains sterile neutrino decoupling, new coupling constant strength

From AN < 1 at BBN epoch, and entropy conservation, we can calculate T,
decoupling of right-handed neutrino production:

%
(9*(Ta)j >3 0.(T,)>2.28x10.75 = 24.5,
0.(T,.)

which corresponds to T, > 130 MeV. On the other side T, depends on Gy :

3 2
* (in case of 3 light right-handed neutrinos) e _[le S ~1; G, <10°G,
H T, ) | Gg

DKLChizhov, 2009



Lepton Asymmetry

Lepton asymmetry of the Universe I_ — (nl — nl) / ny

3

1 Vi g3 2
2% e T =

may be orders of magnitude bigger than the baryon one, AB=(n,—n;)/n ~6.10""

Though usually assumed L~2, big LA may reside in the neutrino sector
(universal charge neutrality implies L.=/). L~ iL
"
CNB has not been detected yet, hence LA may be measured/constrained only indirectly
through its effect on other processes, which have left observable traces in the Universe:
light element abundances from Big Bang Nucleosynthesis

Cosmic Microwave Background
LSS, etc.



Lepton Asymmetry Effects

« Dynamical - Non-zero LA increases the radiation energy density
AN, =15/7((&l7)* +2(El7)?)

| z i 1/3
+ s\ 1 A

leading to faster expansion H=(8/3nGp)*?, delaying matter/radiation equality epoch ...
=== influence BBN, CMB, evolution of perturbations i.e. LSS

Pr =P~y T Pv T+ Pz =

V,+N<> p+e

* Direct kinetic - |L, > 0.01 effect neutron-proton kinetics
In pre-BBN epoch A
mmm) influence BBN, outcome is L sign dependent n—-p+e +v

. -
e"+no p+v,

Y, ~ (0.2482+0.0006) +0.00167, +0.013AN,, —0.3&,

« Indirect kinetic - L >10¢ effects neutrino evolution, its number density, spectrum
distribution, oscillations pattern and hence n/p kinetics and BBN

* LA changes the decoupling T of neutrino



Lepton Asymmetry Constraints

/

+» BBN provides the most stringent constraint on L
In case of combined variation of chemical potentials
In case neutrino oscillations degeneracies equilibrate

due to oscillations before BBN
<0.1
Dolgov et al., NPB, 2002 | é:‘/ |

SerpicoclRaffelt, 2005
Tocco et al-,2009 —0.021<&,<0.005

Recent Y measurements and WMAP7 data
relax the constraints: —0.4<¢& <0.12

0.40

035 ™~

0.30
0.25
0.20
0.15

4.00

350,

300

250
2.00
1.40

1.30
1.20

.10

1.00

6.00
5.00
4.00
300
2.00
1.00

004 it

¢ Accounting for flavor oscillations and nu decoupling
and sin’4,>003  L<O0.1 T
otherwise the bound may be relaxed |
for 6,=0 -07<L<06
CMB and LSS provide much looser bounds i
< Recent measurement  §.>0.1 | | |< 0.1 o,

- extra d.o.f. during BBN !

=030 -0.15 0.0
£,

2H/H (x107)

*He/H (x10°)

TLi/H (x10'%

Tocco et al.,2009

0.1 0.2

0.15 030

BBN with L and
6, =0 allows
AN <1.4
Mangano et al.,2011



log( Sm” [evg]l)

Effects of neutrino-antineutrino asymmetry and distortion of spectrum

“*LA changes energy spectrum distribution and the number densities of v, from standard
BBN case. This influences the kinetics of nucleons during BBN and changes the produced
light element abundances.

—03 . % The account of the neutrino-antineutrino
N asymmetry growth caused by resonant
s ] v oscillations leads to relaxation of the
] - BBN constraints for small mixings.
\ \
\
-8.0 N i
\
— N N
8NS_O Nl < The spectrum distortion leads to a decrease
—8.5 7 of the weak rates, to an increase of the n/p
freezing T and He overproduction.
T , , Correspondingly the account of spectrum
—90 4 Enqvist et al. '92 ) ) X
L our result w/o asymmetry distortion leads to strengthening of BBN
L ourcesu 1t constraints at large mixings.
795 : \\\\\\\\\ [TTTTTTTTT [TTTTTTTTT [TTTTTTTTT [TTTTTTTTT

log(sin®29)



Initial LA and BBN with oscillations

DK, JCAP2012
LA may strengthen, relax or eliminate BBN
L >0.1(sm?)*"®  suppresses oscillations constraints on oscillations.
L > (6m?)*"? inhibit oscillations. 026
70 9 z
L change primordial production of He £ N\ 0255
. - = = — 1 \\_ 0.25
by enhancing or suppressing oscillations. % e U
Y, (om?,6,L) )
- log(sin®29)=-0.05 _E,u% - | ;
X om*=10"" eV* \\\ o
0.140 "85 N
3 2 _ -8 2 1
I L A A P K
] Fig_ 4 log(sin®25)
0.132—-; inz 10_9 eV2
P \ Lepton asymmetry may relax BBN constraints
7L T at large mixings and strengthen them at small
B 7 mixing. DKL ChizhovNPBIS

DK JCAP 2012



bosmic Nicrowave Background

The direct evidence for the hot early Universe

Discovery

Formation of CMB
Characteristics

COBE, WMAP, Planck
Cosmological Parameters

H():QO:Qf(g)O: Q;ﬁ:QjL{:QB:Q;MQV: "'):ZLO:]B:P(]{): C?



The sky as seen by Planck




Observational Milestones of Hot Big
Bang Cosmology

Homogeneity and isotropy and structures in the Universe
The expansion of the Universe
P H E QB : Qv

The abundance of the light elements

The cosmic microwave background radiation

The cosmic microwave background radiation is the remnant heat left over from the Big
Bang. It is an evidence for a hot early Universe.

Points to a flat LambdaCDM dominated Universe now.

Hor 0o, €2 (€20, €24, 2, 25,2, Q). 1, T, P(K), C



UcTopuuyecku 0ej1e:KKH

TeopusTa Ha ['onemus B3pUB NpeACKa3Ba TOpEll U IUTBTEH CTaauil HA BceneHnara, Ha KOUTO
B pe3yJTar OT Obp31 B3aMMOJICHCTBHUS Ha TBUEHHUETO C BEIIECTBOTO ce ycTaHoBsiBa T]IP.

B pesyirar Ha pasmupeHueTo Ha Beenenara T4 ce oxiaxzaa. /[Hec T € U3IIbJIHEHA C IbUYCHUE
“KOCMUYEH MUKPOBBJIHOB (DOH”’, KOETO € PEJIMKT OT PAHHUS TOPEILl CTa 1.

*  Ome nipe3 1940 Hsikou u3MepBaHUsl YKa3BaT paluallMOHHO MoJe, HEOOXOUMO 3a

00siCHEHUE Ha IMPEXOAUTC MCIKAY CHCPICTUYHUTC HUBA HAa MCKIY3BC3THU MOJICKYJIN
(McKellar 1941)

* G. Gamov (1946) npenckaza KM® u npecmsra veropara T. [lo-trouno omnpenensiae Ha T

Ce MpaBH MO-KbCHO OT HeroBuTe chTpyauuiy Ralph Alpher u Robert Herman npe31948-
50.

* IIpe3 1964 [lopomkeBuu 1 HoBukoB mpearar obsact 3a getektupane Ha KM® Ha
0a3aTa Ha HETOBUTE XapaKTEPUCTUKHU.

* R. Dicke, P. Peebles, P. Roll, D. Wilkinson, (1964) Princeton University: moarorssr
EKCIIEPUMEHT 3a AeTekTupane Ha KMO.

* 1964 A. Penzias & R.Wilson nerektupar KM®.

 Cnep 1964 namepBaHUA C U3NON3YBAHE HA MHCTPYMEHTM BbPXY 6a/IOHM, CNBTHULN U
Ha3eMHWN UHCTPYMEHTMU.

 PEJIMKT (1983-84), COBE (1989-93) — nsmepeH MnaHKOBCKM CNEKTbP, AeTEKTUPaHe Ha
aHM30TponuATa. (G. Smoot, J.Mather)



CMB Formation

Big Bang theory predicts hot and dense early Universe and cooling as it expands. Thus it is filled
with radiation that is the remnant heat left over from the Big Bang, called the “cosmic microwave
background radiation”, or CMB.

CMB first predicted by G. Gamow and collaborators R. Alfer and R. Herman in 1948.

T>3000 K : thermodynamical equilibrium

Photons interact with electrons.

CMB photons easily scatter off electrons (Thompson scattering) . This process of multiple scattering and the
electromagnetic interactions produced a blackbody spectrum of photons.

Sound waves: The radiation pressure - gravitation interplay lead to accustic oscillations, resulting in spatial variations of
CMB T with time.

® + Z —
T=3000 K : Recombination 380,000y, z=1100 o, “ ° &, H*+e = H
The expanding Universe cools T~1/R(t) and o i d

nuclei capture electrons to form neutral atoms. . *"93”33”/3 ‘

The radiation stops to interact. f"’ i ‘?a ‘Y > >
The energy of photons decrease and is insufficient ® - ‘99 ; = e
to ionize H, photons “decoupled” move through e [ 95"

Universe essentially unimpeded. 3+/ 3+ 209 .

Universe becomes transparent to radiation.
CMB emitted detectable now by radio telescopes.
The cooling blackbody radiation in an expanding Universe retains its blackbody form (Tolman 1934) .

Photon-baryon system stops oscillating at recombination. The modes caught in max represent the
max in CMB power spectrum. Spatial variations of T are observed as angular variations.



CMB Detection and Characterlstlcs

1964 A. Penzias & R.Wilson

detected noise in the radio antenna,
not dependent on the direction.

2.7 K blackbody

Isotropic (<1%)

1970’s and 1980’s
3 mK dipole (local Doppler) due to
the Earth movements towards

Hydra Centaurus superclusters v=600 km/s.

OT/T <105

84 BE6 0.8 1 8 L2

g2

-I;uulaluluu-lu

J I

The smooth curve 1 the best fit [ -
blockbody spectrum

Brightness (1@ ergs/sec/em’/steradion/en™

8.8

T T T T T T T l T T T l T T T [ T T T [ T T T l T T T l T T T I T T L] | -G)
e 4 2] 8 18 12 14 16 18 28
Frequeney leyeles/centimeter)

|
w

Maximum at 1 mm where the absorption of the
atmosphere is big, hence studied by cosmic missions

RELIKT (1983-84) 1992: 8T/T =5.10°6

COBE (1989-93) T=2.725K
WMAP T=2.725+0.001 K 411cm3

T fluctuations 13+4pK £<30:8T/T =107

(G. Smoot, J.Mather)

"for their discovery of the blackbody form and anisotropy
of the Cosmic microwave background radiation”

Precise measurements of Universe characteristics:
density, age, geometry, reionization ,



. , haniy T FIRAS
( O B E COBE Satellite, 1989-1994 - /=~
Deployable Sun, Earth, DIRBE 3 :

RF/Thermal Shield ¥

DMR Antennas

COsmic Background Explorer 1989-94
COBE was launched November 18, 1989 and carried three Hallum Dewar

instruments covering the wavelength range 1 pm to 1 cm to measure [t
the anisotropy and spectrum of the CMB as well as the diffuse

infrared background radiation
John Mather was the COBE Principal Investigator and the
project leader from the start.

Diffuse Infrared Background Experiment to search for
the cosmic infrared background radiation, Mike Hauser

Differential Microwave Radiometers (DMR) to map the cosmic radiation sensitively

principal investigator George Smoot

The objective was to search for anisotropies at three wavelengths, 3 mm, 6 mm, and 10 mm in the
CMB with an angular resolution of about 7°.

Far Infrared Absolute Spectrophotometer (FIRAS) to measure the spectral distribution of the

CMB in the range 0.1 — 10 mm and compare it with the blackbody form expected in the Big Bang,
John Mather



Relative flux

Characteristics: Blackbody Sp

T=2.725+0.001 K 411cm3

10% 2 1.2 i
; 1
3 1 . |
103 1.0 e Observation -
: —— Theoretical curve
| . 08| for 2.74 K |
10% | S
i 2 o6
10" | N
E T 04
1 ,
: e Observation N 0.2
—— Theoretical curve for 2.7 K i
107! e 0.0 :
0.01 0.1 1.0 10 100 0 4 8 12 16 20
Wavelength (cm) Frequency (Cycles / cm)

2.7 K bb sp with high isotropy (<1%)  The maximumisat 1 mm (the absorption of atmosphere).



CMB s a direct evidence for
an early hot stage of the Universe:

The spectrum measured by COBE in the range
0.1 — 10 mm is extremely uniform, with less
than 1 % deviation from that of a blackbody.
T=2.725+£ 0.002 K

T S R
| ' 4 3

o
T

0.8 |
data with
errors x 100

o
o

o
»

No alternative theory predicts this energy
spectrum. The accurate measurement of its shape
was another important test of the Big Bang.

o
)

o
—

Intensity [10-4 ergs cm™2 s-! sr-! cm)]

0 5 10 15 20
Frequency [cm-!]

WMAP : T= 2.725 £+ 0.001 K
particle density of 411cm-3
energy density 4.64 10-34 g/cm3

CMB has the best recorded blackbody spectrum.



Properties of the CBR

 Isotropic, except for the motion of the earth r 1
(together with the local cluster) towards Hydra
and Centaurus super-cluster with velocity of v=600 km/s. ‘ ‘

dipole temperature anisotropy dT/T = 103
(Conklin 1969, Henry 1971, Corey and Wilkinson 1976 and Smoot, Gorenstein and Muller 1977 )

« Anisotropy: to explain LSS in the form of galaxies and clusters observed today, small
anisotropies should exist.
1990 — first detected by PEJIMKT
1992-- CMB Explorer at 90, 53 and 31.5 GHz (wavelengths 3.3, 5.7 and 9.5 mm), near the CMB intensity
max and where the galactic background was low.
The RMS cosmic quadrupole amplitude was estimated at 13 + 4 puK (AT/T = 5x10®) with a systematic error of

at most 3 pK.

* Most models for structure formation predict that temperature variations have Gaussian distribution for
large angles (corresponding to DMR measurements). In inflation models the Gaussian distribution originates
from primordial quantum fluctuations.

COBE’s DMR data showed Gaussian, near scale-invariant temperature fluctuations and
support inflation models



DMR results: Isotropy and Anisotropy
of CMB

AT = 3.353 mK

e el
W -4

-

-,ﬁ

DMR results (Smoot et al. 1992,
http://lambda.gsfc.nasa.gov/produ
ct/cobe/ ) in galactic coordinates

The data from the 53 GHz band (6
mm wavelength) showing the near
uniformity of the CMB (top), the
dipole (middle) and the
guadrupole and higher
anisotropies with the dipole
subtracted (bottom). The relative
sensitivities from top to bottom
are 1, 100 and 100,000. The
background from the Milky Way,
not following a blackbody
spectrum (visible as a horizontal
red band in the bottom panel), has
not been subtracted.



WMAP

COBE’s results were confirmed by a number of balloon-

borne experiments, and, more recently, by the 1° resolution
WMAP (Wilkinson Microwave Anisotropy Probe) satellite,
launched in 2001 (Bennett et al. 2003).

RMS temperature variation ~ 100K

I W WMAP 5-year e
-200 T(uK) +200

HuIII_Fnl-l moTerd @
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CMB Angular Power Spectrum

WMAP 7-yvear Cosmological Interpretation

7\ WMAP 7yr 3
| ACBAR 3
QuUaD £
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Multipole Moment (J)

= Z (l.le;m(e, (b)

lm

Cr — <|(l‘lm. |2>

Location and height

of acoustic peaks

determine the values

of cosmological

parameters.

Relevant parameters
curvature

(e.g. open, flat, closed) dark
energy

(e.g. cosmological
constant)

amount of baryons (eg.
electrons & nucleons)

amount of matter (e.g.
dark matter)
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[eomeTpunAa Ha BceneHaTta

N3meHeHneTo Ha
pasctoaHueTo Ao z =1100
U3MEHA CneKTbpa

* MaACTOTO M BUCOYMHATA Ha
dKYCTUYHUTE NMNKOBE

— OI'IpE,D,EJ'IFI BEIMYHNHUTE HA
KOCMOJTIOTNMYHUTE NapPaMeTpPU

* [lapameTpu

— TE(KOocMoON.KOHCTaHTa)
— 6GapuoHmn

— TbMHO BeLlWecTBO

W.Hu 11700 1

Courtesy Wayne Hu — http://background.uchicago.edu



1) Cp2r (UK2E)

Determining the total density Q =1 + k / H?R?

Position of CMB max of fluctuation:

Angular Scale measures K. epeak = ]°
907 2° 0.5° 0.2°
G000 ¢ ; | . | - )
: Q=1.0
: TT Cross Power
5000 f- Spectrum
: T e KO - 0.3
4000 P cE
- ¥ ACBAR
E Hence -~
| \ Q.. - 0.7
2000 | K"’* \{/ﬁt\
: \ 7
1000 E \ A\
i o | B ‘ﬂf\
) E L] 5

« Existence of DE in correspondence
with SN results.



Baryon Density

6.1 O_lo Nwmap=6.1620.16 x 1010 at 68% CL

n=n,/n,

B is measured precisely by different independent means - BBN and CMB

DASI, BOOMERANG, MAXIMA, WMAP

"‘7 L7 E O O I TR R A
; Q5018371009 WMAP T-year Cosmological Interpretation 13
g Zop, = 3572 year Hosmonos '
020 6000 T . T T T ]
T [ WMAP 7yr 3 1
g I o 5000 ACBAR i ]
o 10 F L C QUaD & 1
ﬁ\o r 3 L
g | = 4000 - .
H + (= L
S gl o0 o r
= 5000 6000 7000 = 3000 — -
L L
f T O -
L = — 2000 - ]
. D H + r
“ | | = §
E = i
a 1000 |- \ w ]
4 - r E ]
205 of o
E [ 10 100 500 1000 1500 2000
=
[ IVIuItlpoIe IVIoment (I)
0 I ' : - - y . T spectr (Larson et al. 2010), along with the te
5555 5560 contribution fro I]J SZ effect and point sou 1e solid line she
W&velength (.ﬁ) alone (see the .'lrd column of Table 1 for the imum like! llllcmd pa
measuring abundances of light elements from CMB anisotropy measurements

Baryons are not enough to close the Universe.
Most of the baryons are optically dark. There exists nonbaryonic DM.



Atoms
Dark
WMAP b\ ok
ZEN 72%
Dark 4
Matter |
96% of the Universe density is in form 23% |
undetected in the laboratory ..!?
CMB — baryometer 4.6% (5% acc.) —
Visible baryons (0.1%)
DM 23.3% (1.3%)
DE 72.1% (1.5%); o= -1.1+0.14 Neutrinos _ .
0% g 633;@'
0
sconstraints on the DE. It seems more like
a "cosmological constant" than Photons
"gquintessence". But quintessence is not 15%
ruled out.
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)
* Full map of the sky in microwaves, Flat Euclidian space — 1% accuracy
resolution 0.2 degrees Close to critical density 9.9 x 10-30 g/cm3
« polarization of the microwave radiation (5.9 p8m3) (2% accuracy)
* reionization epoch — earlier than expected — « Universe age 13.73 biny, 1% accuracy
info about galaxy formation (0.12 mupz. T.)

WMAP7+H+BAO: 13.75+/- 0.11



Higher and higher precision

IMPROVEMENTS IN N.g: 7-YEAR VERSUS 5-YEAR

Parameter  Year WMAP only WMAP+BAO+SN+HST WMAP+BAO+H,; WMAP+LRG+Hy
Zeq 5-vear 3141+ hi 3240152
7-year 31457140 3200123 3240 + 90
0, h* S-wvear 017U 0.160 £+ 0.025
i-year 'D.l-.'l_u._uﬂﬂ 0,157 £ 0.016 []‘.I._'ll_[]_[".j
N Lyear = L3 (U050 CL) TIF15 i
T-year > 2.7 (95% CL) 434058 g.25+0-18
T T T | T T T T T T ] 1.ﬁ -_ T T .-..-'-- _ I_---\- __
0.25 [ - I wap . 5 {}\ e
! - . 08 = / \
- B WMAP+BAO+H, = I VA ]
[ [ 8 / \ ]
o 020 F - = 08 L E \ -
o - - = - cnld| \ -
o = [ Af \ ]
| - o4 / .'II "u .
0.15 B [ | ]
[ 02 [ ]
I | bt - [ i
0.10 T T I Luvien I Ly Livveius Liwin A 0.0 M B 1 S
&0 T 80 80 2 3 4 S 5] 7 3 0 4 3] ]
Hy [kmi's/Mpc) Ny N g
Fia. 9.— Constraint on the effective number of neutrino species, N.g. (Left) Joint two-dimensional marginalized distribution (68% and

05% CL), showing how a better determination of Hy improves a limit on €, k2. (Middle) A correlation between N.g and .,k2. The

dashed line shows the line of correlation given by eguation (58). A better determination of Ho improves a limit on (1 h? which, in turn,
improves a limit on Nag. (Right) One-dimensional marginahzed distribution of N.g from WMAP-only and WMAP+BAO+ Ho. The 68%

.86

interval from WMAP+BAO+Ho, Neg = 4.34 5 g5, is consistent with the standard value, 3.04, which is shown by the vertical line.



Cosmological parameters after WMAP7

Class Parameter WMAP 7-year ML® WMAP+BAO+Hy ML WMAP 7-year Mean® WMAP+BAO+H; Mean

Primary  1000h> 2,270 2,246 225810081 2.260 + 0.053
2. h? 0.1107 0.1120 0.1100 £ 0.0056 0.1123 + 0.0035
(s 0.738 0.728 0.734 £ 0.020 0.72810-01%
ns 0.969 0.961 0.963 + 0.014 0.063 + 0.012
T 0.086 0.087 0.088 + 0.015 0.087 + 0.014
AL (ko)e 2.38 x 10-9 2.45 x 10-9 (243 £0.11) x 10-2 (244175058 % 109
Derived o3 0503 807 0801 £ 0.030 U500 £ 0,022
Hy 71.4 km/s/Mpc 70.2 km/s/Mpc 71.0+ 2.5 km/s/Mpc 7. I+ y km/s/Mpc
£y, 0.0445 0.0455 0.0449 £ 0.0028 0.0456 = 0.0016
02, 0.217 0.227 0.222 + 0.026 0.227 + 0.014
0, h2 0.1334 0.1344 0.13341 00058 0.1349 + 0.0036
Zreion" 10.3 10.5 10.5 +1.2 10.44+1.2
tg® 13.71 Gyr 13.78 Gyt 13.75 £ 0.13 Gyr 13.75 £ 0.11 Gyt

2Larson et al. (2010). “ML" refers to the Maximum Likelihood parameters.

bl.arson et al. (2010%. *Mean” refers to the mean of the posterior distribution of each parameter. The quoted errors show
the 68% confidence levels (CL).

*'.1'.:'-' (k) =K Pr(k)/ {E’rgj aml ky = 0.002 Mpe—1,

do Hi‘d%h]rl of reionization,” if the universe was reionized instantaneously from the neuatral state to the fully ionized state at
Zreion- NOte that these values are somewhat different from those in Table 1 of Komatsu et al. (2009b), largely because of the

changes in the treatment of reionization history in the Boltzmann code CAMB (Lewis 2008).
“The present-day age of the universe.



SUMMARY OF THE 95% CONFIDENCE LIMITS ON DEVIATIONS FROM THE SIMPLE (FLAT, GAUSSIAN, ADIABATIC, POWER-LAW) ACDM MODEL

EXCEPT FOR DARK ENERCY PARAMETERS

Sec, Name Case WMAP T-vear WMAP+BAO+SN® WMAP+BAO+Ho

64,1 Grav. Wave® No Running Ind. r < 0.36° o< 0.20 r < 0.24

§ 4.2 Running Index No Grav. Wave  —0.084 < dn./dInk < 0.0205  —0.065 < dns/dink < 0.010 —0.061 < dns/dink < 0.017

4.3 Curvature w=—1 MN/A —0.0178 < Oy < 0.0063 —0.0133 < Q. < 0.0084

644 Adiabaticity Axion an < 0,137 an < 0,064 an < 0,077
Curvaton -1 < (L0117 -1 < (L0037 -1 < 0.0047

B 4.5 Parity Violation Chern-Simonsd —5.0% < Ao < 2,80 N/A N/A

B 4.6 Neutrino Mass! w=-—1 o < 13 eVE ome < 071 eV 3oy < (L58 eVE

w# —1 om, < 1.4 eVeE S om,, < 0,01 eV Som, < 1.3eVh

§ 4.7 Relativistic Species w=—1 Nog > 2.7° N/A 4.3470-58 (8% CL)*

§ 6 Gaussianity] Local —10 < flogal < 74k N/A N/A
Equilateral —214 < j"“"'"] < 266 N/A N/A
Orthogonal —410 < fJ'f;th“E < B N/A N/A

2EENT denotes the “Constitution” sample of Type Ia supernovae compiled by Hicken et al. (2009b), which is an extension of the *Union™
sample (Kowalski et al. 2008) that we used for the S-year “WMAP+BAOQO+5N" parameters presented in Komatsu et al. (2009b). Systematic
arrors in the supernova data are not included. While the parameters in this eolumn can be compared directly to the 5-yvear WMAP+BAO+5N
parameters, they may not be as robust as the “WMAP+BAO+ Hy" parameters, as the other compilations of the supernova data do not mive
the same answers (Hicken et al. 20090b; Kessler et al. 20089). See Section 3.2.4 for more discussion. The SN data will be used to put limits on

dark energy properties. See Section 5 and Table 4.

bIn the form of the tensor-to-scalar ratio, r, at k= 0.002 ]".-1]:14:']

“Larson et al. (2010).

dFor an interaction of the form given by [¢(t)/M]F,

g 28 the polarization rotation angle is Ao = M1 I dt 4

=The 68% CL limit is Aa = —1.1% £ 1.3° (stat.) £ i 5':' {svsl }. where the first error is statistical and the second error is svstematic.

IS my = 04(Qh?) eV.
5For WMAP+LRG+Ho, ¥ m. < 0.44 eV.
hFor WMAP+LRG+Hp, ¥ m, < 0.71 eV.
"The 95% limit is 2.7 < N_g < 6.2

. For WMAP+LRG+Hg, N g = 4.25 + 0.80 (68%) and 2.8 < N_g < 5.9 (95%).

IW4+W map masked by the KQ75y7 mask. The Galactic foreground templates are marginalized over.
kWhen combined with the limit on f}&fl from SDSS, —20 « f,]-,,'?f‘" < T0 {Slosar et al. 2008), we find —5 < _F}-,?E_“l < 50,



Cosmic Microwave Background Radiation Overview

Penzias and The oldest light in
Wilson .
universe

Discovered the remnant
afterglow from the Big Bang
2.7 K

Blackbody radiation,
Discovered the patterns
(anisotropy) in the afterglow.
—angular scale ~7° ata
level AT/T of 5.10°

(Wilkinson Microwave
Anisotropy Probe):

-> angular scale ~ 15’

- angular scale ~ 5,
AT/T ~ 2x106, 30~867 Hz




* Planck to study CMB anisotropy with higher sensitivity and angular resolution: 5’ ;
» To test the inflationary models; to measure H, the amplitude of CMB structures

»  Better sensitivity — to measure polarization of CMB

Wide range of frequencies

3 times better accuracy of determination of Universe characteristics
«  with an uncertainty on the temperature limited by “natural causes” (foreground fluctuations, cosmic

variance) rather than intrinsic or systematic detector noises

Wide range of frequencies

Low Frequency Instrument (LFI): 30, 44, 70 GHz
High Frequency Instrument (HFI): 100, 143, 217, 353, 545, 857 GHz

O@@

5.1.— False colour im of the simulated sky in the nine frequency channels of Pl: after subtraction
qu‘l onopole and dipole (\IB omponents. From top left to bottom rllt 30, 44, 70 llll ll 217, 353, 545
nd 857 GHz channels

4 of the LambdaCDM prameters
are known with better than 10% accuracy,
while the optical depth with 20%.

Bad accuracy of I,

1- n,=0.037 +- 0.014

Info about:

primordial fluctuations (about inflation)
adiabaticity of primordial fluctuations;
Non-gausianity of the distribution
Primordial grav waves;

Tensor perturbations; Reionization
Large-scale WMAP anomalies



Sky in microwaves as seen by Planck

B i :Flrst light suruog :
~ athigh galactic latitude
e l "’

‘ First light surueg; .
f in the Mllkg Wag

The Planck one-year all-sky suruey Eesa (0 ESA, HFT and LFT consortia, uly 2010




ToBa nsobpakeHne Ha UsnoTo Hebe B MUKPOBBLJTHU € NOfy4YeHO 4pe3 KoMMNo3mpaHe
Ha gaHHuTe oT Planck nokpuBalumn enektpoMmarHutHus cnektbp ot 30 GHz go 857
GHz. Ctpyktypata Ha CMBR, ¢ HENHUTE OUHHM TeMmnepaTypHU NyKTyauum
oTpassiBalLn MbpBUYHUTE (PyKTyaunm Ha NAbTHOCTTA, OT KOUTO AHELLHUTE
CTPYKTYPU Ca Bb3HUKHAmNN, ce BMxaa ACHO B obrnacTute otganeyeHun ot
ranakTuyHarta nyoCKOCT Ha KapTara.

LleHTpanHaTta usmua e nnockoctta Ha anakTukata. [onama 4YacT oT M306paXXeHUETO
e JOMUHUPAHO OT ANdY3HM EMUCUN HA Npax K ras. 13obpaxeHneTo e nomny4yeHo oT
OaHHKU nonydeHn ot Planck no Bpeme Ha NbpBUAT NbineH HebeceH 0030p, KOUTO be
3aBbplLUEH B pe3ynTtaTt Ha 12 meceua HabnogeHus.

B OsicHO Ha OCHOBHOTO M300paxeHue, nog ranakTuyHaTa paBHMHa, € nokasaH ronsam
obnak oT ra3 B Hawarta lanaktuka. [Jbrara oT cBeT/MHa, KOUTO ro 3aobukans e
Barnard’s Loop — paswupsaBauy ce bubble Ha nsbyxHana 3sesga. Planck nsyyasa u
apyru ranaktukn. CnunpanHara ranaktmka Andromeda, 2.2 munnoHun ly ot 3emsra,
narnexga kato o6rIoMbK OT MUKPOBBIIHU, N3NBbYEHN OT HAWU-CTYAEHUS ra3 B Hesl.
[pyru, no-otaanevyeHn rafiakTUKn CbC CBPbXMACUBHU YEPHU OYMNKNU Ce BMXKOAT KaTo
TOYKM Ha N306pakeHMETO.

[Tony4eHo OT nsobpaxxeHnst KOUToO ca HanpaBeHn mexay asryct 2009 n toHn 2010,
TOBa n3obpaxeHne e nsobpaxxeHne c HUCKa pesosnoumsa (B CpaBHEHME C NOSTyYEeHUTE
n3obpaxxeHnst Ha 6asaTta Ha MbIHUTE OAHHW).

Credits: ESA, C. Carreau



The Planck one-year all-sky survey esa 40 (A, ML and LFT comporma, Sy 2633

This multi-frequency all-sky image of the microwave sky by Planck from 30 GHz to 857 GHz.

The image was derived from data collected by Planck during its first all-sky survey, and comes from about 12 months of
observations (August 2009 and June 2010).

The central band is the plane of our Galaxy. A large portion of the image is dominated by the diffuse emission from its gas and
dust. To the right of the main image, below the plane of the Galaxy, is a large cloud of gas in our Galaxy. The obvious arc of light
surrounding it is Barnard’s Loop — the expanding bubble of an exploded star. Planck has seen other galaxies. The great spiral
galaxy in Andromeda, 2.2 million light-years from Earth, appears as a sliver of microwave light, released by the coldest dust in its
giant body. Other, more distant, galaxies with supermassive black holes appear as single points of microwaves dotting the image.




The Universe Secrets

Dark Matter; Dark Energy

matter-antimatter asymmetry
Inflation




Radiation:
0.005%

Chemical Elements:
(other than H & He) 0.025%

Neutrinos:
0.1% - 0.5%

Cold Dark Matter:
(CDM) 22%

Dark Energy (A):
73%



Dark Matter

Independent observational evidences from different epochs:
BBN, CMB, structures, SNla, H,

Observations at different scales
with different methods

Evidence from combined data CMB, BAO, SN, H,, Universe age, ......
Theoretical indications — growth of fluctuations, evolution of structures

Observational indications concerning DM type:
structures — baryon matter is insufficient, CDM

BBN - dark baryons also are not enough to account for clustering matter
CMB - dark baryons are insufficient



Dark Matter
Observational Indications

Rotation Curves: The dependence of the velocity of rotation of
an object on its distance from the galactic center.

Observed vs. Predicted Keplerian The mass inferred for

SO0 g 0000 Ly ot pyg the mass that can be
associated with stars,
dustin a Galaxy.

200

Keplerian _
Prediction

100

(pyv 2 0.1

Rotation Speed (km/sec)

0

o

10 20 30 40 50
Radius from the Center (kpc)

DM at galactic and galaxy cluster scale

F. Zwicky discovered the presence of DM on a much larger scale
through his studies of large velocitieas in galactic clusters. Recent
measurements:

galaxy clusters (and binary galaxies) have M/L ratios up to 300.

Gravitational Lensing

This mass discrepancy confirmed by gravitational lensing.

By measuring how the background galaxies are distorted by the
foreground cluster the cluster mass is measured. It is more
than ten times larger than the inferred mass in visible stars, gas
and dust. Qs ~ 0.9

M = Y2

A L N roughly ten times larger than

Direction of
galaxy rotation

galaxies is

gas and

z W
|
%o \
W \
V\NJJ A Wi,
AW {
€ 0.7 20.8 21.( 1.1

Radio and optical observations of gas and
stars in galaxies enable us to determine the
distribution of mass in these systems

Gravitational Lens in Abéll 2218 - HST - WFPC2

PF95+14 - ST Scl OPO « April 5, 1985 - W, Cauch (UNSW), NASA




A 3D map of DM in the Universe

Distribution of Dark Matter HST = ACS/WFC

‘

. 4 6.5 billion™
5 billion™ yoars'ago
3.5 billion ™ Yoars.ag0

years ago

NASA, ESA, and R. Massey (California Institute of Technology) STScl-PRCO7-01a

The map reveals a loose network of dark matter filaments,
gradually collapsing under the relentless pull of gravity, and growing
clumpier over time. This confirms theories of how structure formed
in our evolving universe, which has transitioned from a
comparatively smooth distribution of matter at the time of the big
bang. The dark matter filaments began to form first and provided
an underlying scaffolding for the subsequent construction of stars
and galaxies from ordinary matter. Without dark matter, there
would have been insufficient mass in the universe for structures to
collapse and galaxies to form.

[Top] - Three slices through the evolving distribution of DM.

This is calibrated by measuring the cosmological redshift of the lensing galaxies
used to map the dark matter distribution, and binning them into different
time/distance "slices".

Each panel represents an area of sky nine times the angular diameter of the full
Moon. Note that this fixed angle means that the survey volume is a really a cone,
and that the physical area of the slices increases (from 19 Mpc on a side to 31
Mpc on a side) from left to right.

[Bottom] - When the slices across the universe and back into time are combined,
they make a 3D map of DM in the universe. The three axes of the box correspond
to sky position (in right ascension and declination), and distance from the Earth
increasing from left to right (as measured by cosmological redshift). Note how
the clumping of the DM becomes more pronounced, moving right to left across
the volume map, from the early universe to the more recent universe.

The DM distribution was mapped with Hubble Space Telescope's survey of the
universe, the Cosmic Evolution Survey ("COSMOS"). To compile the COSMOS
survey, Hubble photographed 575 adjacent and slightly overlapping views of the
universe using the Advanced Camera for Surveys' (ACS) Wide Field Camera
onboard Hubble. It took nearly 1,000 hours of observations. The distances to the
galaxies were determined from their spectral redshifts, using the Subaru
telescope in Hawaii.



Galaxies’ Distribution vers Theoretical
Simulations

2dF data

020

0.05

Model dominated Model dominated

by dark matter: by dark energy:
D=1 On=03
52,\20 ..(..).\107

CDM is required in order to enable gravity to amplify the small fluctuations in CMB
enough to form the large-scale structures that we see in the universe today.
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Combined Results
Hubble ST + WMAP + clusters
point to the existence of DM and DE:
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Figure 19.2: Likelihood-based probability densities on the plane €y (i.e., (2,
assuming w = —1) vs {1,;,. The colored Monte-Carlo points derive from WMAP [22]
and show that the CMDB alone requires a flat universe (2,, + €2,,, = 1 if the Hubble

m



Dark Matter Candidates

Baryonic

MACHOS MAssive Compact Halo Objects

Brown Dwarfs and similar objects, not luminous enough to be observed, have
been nicknamed MACHOs

, thought to power distant quasars.

detection by gravitational lensing

Non baryonic (CDM and HDM)

WIMPs (Weakly Interacting Massive Particles) or non-baryonic matter,
produced shortly after the Big Bang
neutrino - HDM
sterile neutrino with KeV masses WDM
axion - CDM,
neutralino, gravitino, axino
Modified gravity models able to explain the dynamics of the LSS
without DM but have problems at Solar system scales.



DARK ENERGY

Accelerated Expansion
LSS o,=03

Q,=1
Flatness f %3

0.3 = 0.7

DE density  poc10°gcm™

|||||||||
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Nature of Dark Energy ... s .= s

v cosmological constant  p(¢) ~ VA3

v’ an energy of empty space

Why space should contain the observed amount of energy and not, say,
much more or much less? Multi universes with different vacuum?

}\} = EP]-"’;IP]B — l{}- Dx__-;w;' obs)
v’ quintessence (time varying cosmological constant)

Unlike the energy of space envisioned by Einstein, quintessence would
have the property that it could vary from place to place and moment to
moment. Existing evidence tends to disfavor quintessence.

v Accelerating universe signals a new aspect of the law of gravity.
v" An effect of extra dimensions of space

One of the extra dimensions (predicted by supersymmetry of space
can mimic the effect of a dark energy by causing the expansion of our
three-dimensional space to accelerate.



How did the observed locally asymmetry b/n matter and antimatter occur?

What plays the role of the inflaton?

What is the nature of 95% of Universe matter?
Is there cosmological constant or scalar field representing DE?
New exotic physical theories are to propose the DM candidate.
OR
DM and DE are signatures for necessity of alternative gravitational theory?

oooooooooooooooooooooo

Future observations and experimental studies, and in particular LHC, are
expected to answer part of the Universe puzzles.



g
Inflation\_‘L (§> g 72q

Eoda

M3CﬂeﬂBdOl’Ug

~ 70

CBOVCTBATa Ha YacTuLmMTe, NPOU3BeaeH!’
Ha yckopuTen
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black
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Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Hosao of o oowlde bt s

d isotropic at large scales

eneous an _ -
homog flat, with negligible curvature

expanding, during the last 5 billion y accelerated expansionor

lts energy density is dominated

by DE ~ 73% with characteristics of A

its density is u

the baryons Constitute <59

[ ingent constraints
CMB+LSS sensitive t0 the total energy density , they put the most stringe
trino masses < 0.6 eV. s
t%éhl\? iSsutheorfnrc;z’lcjsnensitive baryometer, speedometer and leptometer
Very sensitive 0 neutrino characteristics.

iderably.
Planck mission will strengthen our knowledge about CMB considerably

Observational evidences from different epochs of Universe evolution:
light elements abundances from the first minutes, CMB from 300 000 y of the Big Bang

Structures from the first billion years, give valuable information about Universe characteristics
and constrain physics beyond the standard model.
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Particle Dark Matter Candidates;
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Matter Content in the Universe

To solve the Friedmann equations, one has to specify the Universe matter content

and the equation of state for each of the constituents. Current observations point to

at least four components: Q= 247 x 107°h 2,
Radiation (relativistic degrees of freedom) ~0.002% (,h* <0.0076  95% CL

Today this component consists of the photons and neutrino and gives negligible contribution into
total energy density. However, it was a major fraction at early times.

Baryonic matter 49, Q72 = 0.022 £ 0.001
Dark matter ~~23% Qubmh® = 0.106 + 0.008
Was not directly detected yet, but should be there.
Constitutes major matter fraction today.

Dark energy ~13%

It provides the major fraction of the total energy density.

Was not anticipated and appears as the biggest surprise and
challenge for particle physics, though conceptually it can be
very simple, being just a ‘cosmological constant' or vacuum energy. {!m + (= 1.011 &+ 0.012

=4% - H+He, 0.0025% heavy elements, 0.8% stars, 0.005% CMB
23% - DM, 73% DE, 0.17% neutrino



